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LTHOUGH THE cyclotron is popularly 

known as an ‘‘atom smasher,”’ it is 
in more scientific terms a “‘nuclear trans- 
former,’’ for it deals not as much with the 
atoms themselves as with the ten thousand 
times smaller nuclei of the atoms, and in- 
stead of smashing them completely it 
transforms them into new forms. 


ATOMIC STRUCTURE 


To appreciate the action involved in 
“atom smashing,’’ or man-made trans- 
formations of nuclei, we need first to pic- 
ture the atom as a whole and then to 
enlarge upon its tiny center, the nucleus. 
An atom may be conceived as being an 
infinitesimally small solar system, as shown 
schematically in Figure 1.2. While the di- 
ameter of the solar system is about one 
hundred thousand million times greater 
than the height of a man, that of an atom 
is only about one one hundred thousand 
millionth as large as a man. Or roughly, 
man is mid-way in the scale of size between 
the solar system and an atom. The atom 
is so small that in one cubic centimeter of 
air, which we consider as being quite 
tenuous, there are about ten billion billion 


1 Presented, as a part of a Symposium on the Cyclo- 
tron, before the Radiological Society of North America, 
at the Twenty-seventh Annual Meeting, San Fran- 
cisco, Calif., Dec. 1-5, 1941. 

? Figures 1, 2, 3, 5, 6, 10, and 12 are illustrations 
used in Professor Harvey E. White’s book Classical 
and Modern Physics (Van Nostrand Co.). The author 
4 grateful to Professor White for permission to use 

em. 


atoms, or as many as the number of red 
blood cells in one million people. Besides 
being very small the atom is mostly empty 
space. At its center is the nucleus, like the 
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Fig. 1. A schematic diagram of a fluorine atom as 
compared with the solar system. The atom is as 
much smaller than a man’s height as the solar system 
islarger. Though held together by different forces in a 
different structural arrangement, they are similar in 
that they both have a heavy concentrated central 
body about which revolve much lighter planetary 
bodies in a large expanse of empty space. 


sun at the center of the solar system, which 
contains nearly all of the mass of the sys- 
tem. Around this nucleus revolve elec- 
trons in orbits, like planets in the solar 
system. As small as the atom is, the 
nucleus is still ten thousand times smaller 
in diameter, or about one million millionth 
of a centimeter in diameter. In order to 
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visualize this, we may think of a nucleus as 
a steel ball one centimeter in diameter. On 
this scale the much lighter electrons could 
be considered as small balloons revolving in 
a sphere one hundred meters in diameter or 
in a volume that of a cubic city block. 
While the solar system is held together 
by gravitational forces between masses, 
the atomic system is maintained by elec- 
trical forces between charges. Each elec- 
tron has just one unit negative charge. No 
charge exists smaller than this amount, 
and Seine charges are even multiples of 
this unit. Whereas the planets in the 
solar system are different, the electrons are 
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other atoms. The charge on the nucleus is 
accordingly called the ‘‘atomic number,” 
often symbolized by Z, for its value places 
the atom in a definite place in the atomic, 
or chemical, table. 


NUCLEAR STRUCTURE 


Nuclei are composed of small indivisible 
units. These nuclear building units are 
two heavy little particles, almost alike, 
except that one, the proton, has a positive 
charge and the other, the neutron, is 
electrically neutral. Each is about two 
thousand times heavier than the electron. 
How these may be conceived as being com- 
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Fig. 2. A schematic representation, in two dimensions only, of the structure of some light 


atomic nuclei, showing protons and neutrons as the building units. 
plus because of their plus charge while the uncharged neutrons are left blank. 


Protons are marked with a 
As the number of 


protons in the nucleus increases, the nuclear charge, hence the atomic number, Z, increases. A 


neutron adds about as much to the mass, M, as does a proton, but adds no charge. 


There are 


additional natural forms of the nuclei of lithium and oxygen not shown, a lithium nucleus with 
only 3 neutrons, M = 6, and oxygen nuclei with 9 and 10 neutrons, M = 17 and M = 18, respec- 
tively. Nuclei having the same nuclear charge but different masses are called isotopes of each 


other. 


all the same. Moreover, they are the same 
in all atoms. Nuclei, on the other hand, 
are charged positively and differ from ele- 
ment to element. They are found in 
nature containing anywhere from one to 
ninety-two plus charges. In a neutral 
atom the nucleus is surrounded by a 
nebulous swarm of electrons equal in num- 
ber to the number of plus charges on the 
nucleus. Thus the charge on the nucleus 
of an atom determines the number of elec- 
trons that the neutral atom can possess. 
As a consequence, the nuclear charge also 
determines the chemical identity of the 
element, for the chemical nature of the 
element depends on the number and 
arrangement of its electrons, which are its 
means of contact and combination with 


bined in some of the lighter nuclei is shown 
diagrammatically in Figure 2. The sim- 
plest nucleus is that of the ordinary hy- 
drogen atom, a single proton. It is one of 
the indivisible units found more abun- 
dantly in heavier nuclei. In a neutral hy- 
drogen atom a single electron attracted by 
the unit positive charge of the proton re- 
volves about the proton at distances from 
it many thousands of times the diameter 
of the proton itself. The other elementary 
building unit, the neutron, is as heavy as 
the proton but has no charge. It does not 
exist as a free element in nature but is 
found only in nuclei heavier than hydrogen. 
It has the property of adding mass but no 
charge to the nucleus that contains it. 
Neutrons and protons are considered as 
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able to attract each other only when in 
close contact, somewhat as though they 
had sticky, glue-like surfaces. Composite 
nuclei are thus pictured as composed of 
neutrons and protons packed closely to- 
gether. Instead of being arranged two- 
dimensionally as sketched in the figure, 
the particles are actually in three-dimen- 
sional clusters. Moreover, the compo- 
nents probably do not maintain fixed 
arrangements but mill around one another 
in a state of agitation, somewhat as in a 
ball mill. 

A combination of just one proton and one 
neutron forms a heavy hydrogen (deu- 
terium) nucleus, or a deuteron. This 
nucleus can attract only one orbital elec- 
tron; hence, as an atom, it behaves chemi- 
cally like hydrogen, though its nucleus is 
about twice as heavy as ordinary hydro- 
gen (Z = 1, M = 2). Hydrogen and 
deuterium are isotopes (iso = same, tope 
= place). Isotopes have the same atomic 
number (nuclear charge) but different 
masses. Each is called an isotope of the 
particular element. 

Two protons when combined need two 
neutrons associated with them in order to 
form a stable unit. Thus the nucleus of 
the second element in the periodic table, 
helium, contains two protons and two 
neutrons. This unit was first observed 
coming out of the naturally radioactive 
elements and is therefore often referred to 
as an alpha particle. Having two positive 
charges, it attracts two orbital electrons in 
forming a neutral helium atom. Three 
protons can be associated with either three 
or with four neutrons to form lithium nu- 
clei of weights 6 or 7. (Only lithium 7 is 
pictured in the figure.) Either lithium 
nucleus will attract only 3 electrons in 
forming a neutral atom. 

We now jump to a consideration of a 
more complex nucleus, one with eight pro- 
tons (oxygen). Most of the oxygen nuclei 
contain only eight neutrons, making the 
well known oxygen of mass 16. There are, 
however, stable isotopes of oxygen that 
contain nine and ten neutrons, making 
oxygen of masses 17 and 18. These are not 
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diagrammed in Figure 2 but could be illus- 
trated by the addition of more blank circles 
in the nucleus. Since the chemical proper- 
ties are determined by the interaction of 
orbital electrons with electrons of other 
atoms, their chemical properties will be 
identical. In chemical processes the iso- 
topes act alike and can be separated only 
by physical means depending upon the 
differences in mass. 

The heavier nuclei, up to the element 
92, uranium, are built up in a similar 
manner to those shown. Some of the ele- 
ments have only one stable isotope, 
whereas others have as many as ten. The 
number of neutrons in stable association 
with a given number of protons is nearly 
equal for the light elements, but becomes 
greater than the number of protons for 
heavy elements, as uranium of mass 238, 
having 146 neutrons and 92 protons. In 
designating a specific isotope of an element 
the total mass is written as a superscript on 
the upper right of the chemical symbol, as 
Li‘, Li’, O%, O", and O'. Although the 
chemical symbol is sufficient to designate 
an element, it is often useful to write the 
atomic number as a subscript to the left of 
the symbol, as ,;H?, ;Li®, 0". 


NATURAL RADIOACTIVITY 


The nuclei past 83, or Bi, in the periodic 
table are all unstable. They have too 
much mass for the attractive forces holding 
them together. These are the naturally 
occurring radioactive elements. Early 
workers showed that the radioactivity is 
not affected by chemical or physical re- 
actions of the atom and thus is a property 
of the nucleus. Until the discovery of 
radioactivity in 1895, it was thought that 
the building blocks of nature were the 
atoms, indivisible and non-destructible 
entities. The isolation of various natural 
radioactive elements showed that some 
elements develop from others. In fact, 
element 92 gives rise by a stepwise process 
to a sequence of elements from 92 to 82, as 
shown in Figure 3. Thus, the natural 
radioactive elements are naturally under- 
going transmutation; that is, they are 
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being transformed from one element to 
another. When Uranium I, ,.U**, ejects 
an alpha particle, ,He*, its charge drops 
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periodic table. The mass does not change 
appreciably, however, as compared with 
the loss of a heavy particle, so the total 








two units and its mass four units, thus mass is not written as changed. For ex- 
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Fig. 3. A chart showing the sequences of disintegrations that take place spon- 


taneously in the natural radio active elements. 


the radium, actinium, and thorium series. 


There are three separate sequences: 
The first two start from the two heavi- 


est isotopes of uranium and end in stable isotopes of lead, 206 and 207, respectively, 
while the third series starts from a thorium isotope and ends in lead 208. The ele- 
ments are listed with those of greatest charge at the bottom. Whenanalpha particle is 
emitted, the nucleus, by losing two positive charges, moves up two places to an 
element two smaller in atomic number and simultaneously lessens its mass by four 
units. When a beta particle is emitted, the nucleus, by losing a negative charge, 
moves down a position, as though it had gained a plus charge, but does not changefits 





mass. 


becoming »UX,**. If a beta particle is 


emitted from ar niieleus, the loss of the 
negative charge amounts to the gaining of 
a positive charge and the element formed 
is the one of next greater charge in the 


ample, sRaB?'4, emits a beta particle 
(_,e°) to become g;RaC?™. 

By a sequence of alpha and beta particle 
emissions, it can be seen that the uran- 
ium series finally ends in the stable element 
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lead, »Pb™*. It will be noted, however, 
that during the sequence there are two un- 
stable forms of element 82, mass 214 or 
radium B and mass 210 or radium D. 


wr 
—_ 
“I 


transmutation and give some evidence of 
the structure of nuclei, but it also fur- 
nished experimenters with a highly ener- 
getic particle, the alpha particle, which was 


- TRANSMUTATION - 


ARTIFICIALLY PRODUCED 


DISINTEGRATION 





RUTHERFORD (1919) BOMBARDED NITROGEN WITH NATURAL ALPHA PARTICLES 


reaction 
equation 
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Fig. 4. A schematic presentation of the first transmutation to be demonstrated by 
man. Energetic natural alpha particles were the atomic bullets that penetrated into 
nitrogen nuclei and transformed them into oxygen nuclei 


(The elements called radium A to radium 
G are not isotopes of radium but are 
derivatives from radium.) This was the 
first case noted of a stable element having 
unstable isotopes. In fact, the first use of 
a radioactive isotope for tracing the be- 
havior of a stable isotope was the use of 
radium D by Hevesy as a tracer for the 
behavior of lead. 

It is also interesting to note that the 
gamma rays, for which radium is useful, 
are not emitted from the element radium 
itself but from some of its subsequent prod- 
ucts, elements 84 and 81. Radium C, a 
strong gamma ray emitter, is a radioactive 
isotope of the stable element 81 or thal- 
lium. 


TRANSMUTATIONS 


Not only did the discovery of radio- 
activity demonstrate the phenomenon of 


found to have the property of penetrating 
into nuclei and producing transmutations 
artificially. Figure 4 illustrates the first 
artificially produced transmutation, dis- 
covered incidentally by Rutherford in 1919. 
The transversal of alpha particles through 
nitrogen gas was being studied. It was 
observed that particles were detected at a 
much longer range from the alpha particle 
source than the alpha particles could 
possibly reach. Investigation proved that 
these long range particles were protons 
ejected with great energy as a result of the 
collision of an alpha particle with the 
nucleus of nitrogen. As shown, the final 
result is the stable oxygen 17 nucleus. 
Thus nitrogen was transmuted to oxygen. 
Also, experimental evidence was thereby 
afforded that protons are a constituent of 
nuclei. 

It was first conceived that nuclei, be- 
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sides containing protons, must also con- 
tain electrons in order to have counter- 
balancing electrical forces to hold the 
protons together. On this conception 
oxygen 18 would contain eighteen protons 
and ten electrons (a mass of 18 and a total 
charge of 8). Since the discovery, how- 
ever, that neutrons are also ejected from 
nuclei, which will be discussed later, and 
from theoretical considerations, it is now 
believed that nuclei are composed only of 
neutrons and protons. 


@ 





Fig. 5. 


considered to exist in and around a nucleus. 
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molecules in thermal agitation in a drop of 
liquid. In the case of a stable isotope the 
nuclear well is deep enough and the agita- 
tion of the particles in it not great enough 
to result in the throwing out of a particle 
during the random motions occurring in 
the well. In an unstable isotope the parti- 
cles are moving about with more energy 
of agitation and occasionally a particle (or 
particles) is ejected as the result of an extra- 
energetic random impulse. 

To cause a change in a stable nucleus one 


.* 
. 


ONS : proton barrier 
a 4 
! 


~ 
i 
-=2>0 — «= 





neutron barrier 


A diagram used to illustrate by analogy the forces and potentials 


The nucleus is pictured as a deep 


cup or “potential well’ in which the protons and neutrons move about at a 
lower level of energy (potential) than that of the outside world, i.e., it would 


take energy to get them out. 


When a proton tries to enter the nucleus, it is 


repelled by the protons already in the nucleus with the same result as though it 
had to climb a volcano-like hill, a ‘potential barrier,’’ around the nucleus. A 
neutron, however, is not repelled and may enter the nucleus without climbing 


any potential hill or barrier. 


Instead of electrical forces between posi- 
tive and negative particles to hold the 
nucleus together, the physicist now evokes 
short range forces which act only when the 
particles are in contact; that is, cohesive 
forces such as would exist if there were glue 


on the surfaces of the particles. An easily 
visualized way of representing the forces 
that hold particles in a nucleus is to illus- 
trate the potential energy they have. Ac- 
cording to this scheme, the particles may 
be pictured as being in a deep cup, or well, 
so that normally they cannot get out (see 
Fig. 5). The ground level is the potential 
of the outside world (ground potential) and 
the particles in the well are at a lower level 
(lower potential). It would take consider- 
able work or energy to get a particle out of 
the well. The particles are not motionless 
but are stirring about somewhat like 


has to introduce into it some additional 
particle or particles to upset its normal 
balance. If the particle to be introduced 
is charged, such as a proton, it is repelled 
by all the positive charges inside the 
nucleus, and the effect on the entering 
proton is that of having to climb a barrier 
around the nucleus. This repellent barrier 
is pictured as a potential hill by the dotted 
lines. It is a result of the inverse square 
law electrical force which acts between the 
protons in the nucleus and the entering 
proton, and the more charges there are in 
the nucleus, the higher is the barrier. An 
uncharged particle, such as a neutron, 
would not be acted upon by electrical 
forces and could come into the nucleus at 
ground potential; that is, a neutron does 
not need any energy to enter a nucleus. 
The nucleus may be imagined as a hole on 
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a golf green. To a neutron ball approach- 
ing the hole the surrounding ground is 
level, but to a proton ball the cup is sur- 
rounded by a volcano-like hill. To knock 
the proton up the slope into the hole it 
must be given a hard putt. The heavier 
the nucleus which the hole represents the 
higher the surrounding hill will be and the 
harder the ball will have to be hit to climb 
up into the hole. As will be noted later, 
eatly disintegration experiments were tried 
only on the lightest elements because of 


1 
1H 3 


— (% 


proton 
lithium 


is highly over-energetic and breaks apart 
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ticles. Although energetic alpha particles 
from natural radioactive elements were 
thus available for early nuclear bombard- 
ments, physicists sought for very ener- 
getic singly charged particles. 

It was around 1930 when means of 
accelerating hydrogen nuclei were devel- 
oped. One of the first processes studied 
with accelerated protons was the bom- 
bardment of lithium. As shown in Figure 
6, the bombarding proton may be con- 
sidered as entering the lithium nucleus and 


het &) helium 


unstable 
beryllium 


| 85 MEV 


2 ne*®) helium 


Fig. 6. A diagrammatic representation of the first nuclear transformation to be pro- 
duced by. particles accelerated to high energy in a laboratory. A high-speed proton 
shoots into a lithium nucleus of mass 7. The resultant nucleus of charge 4 and mass 8 


into two high-speed alpha particles. More 


energy is released in each transformation than is supplied to the entering proton. So 
many shots (protons) miss their targets (nuclei), however, that the total energy ex- 


pended per transformation is less than the 


the difficulty of getting particles with an 
energy high enough to climb the potential 
barrier of heavier nuclei. Although neu- 
trons can enter nuclei with ease, they are 
not available as particles for shooting at, 
or bombarding, nu¢lei until they are first 
produced in other nuclear reactions. 

When an alpha particle approaches a 
nucleus, it has two positive charges that 
are repelled by the nuclear charge. It thus 
has to climb a potential barrier twice as 
high as a proton does before it can enter 
the nucleus. Consequently, singly charged 
particles are more feasible to use for nu- 
clear bombardments than are alpha par- 


amount returned. 


coalescing momentarily to form a com- 
pound, or intermediate, nucleus contain- 
ing four protons and four neutrons. This 
intermediate nucleus is very unstable and 
almost immediately breaks up into two 
very stable components, two helium nu- 
clei. As will be explained later, energy is 
liberated in this process so that the helium 
nuclei are each given about 8 1/2 million 
electron-volts of energy. The disintegra- 
tion is verified by the observation of the 
energetic alpha particles. 

Since the discovery of heavy hydrogen 
in 1934, it has been possible to use the 
nucleus of deuterium, or the deuteron, as 











a bombarding particle. 


than does a proton. 


deuterium nucleus may enter the bom- 
barded nucleus, bombardment with deu- 
terons is more fruitful. Deuterons have 
now been accelerated by means of a cyclo- 
tron to energies as high as sixteen million 
electron-volts and at these energies produce 
transmutations in copious amount and of 
many’ kinds. 
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Inasmuch as the 
deuteron is a singly charged particle, it 
suffers no more repulsion by the nucleus 
However, because 
either the proton or the neutron of the 
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The transformation may be written as a 
reaction equation with the reagents on the 
left side and the products on the right, 
1.€., ,H? + 5P3! = jsP32 + ,H!. Since 
charge is not destroyed and no protons or 
neutrons (total large mass units) are de- 
stroyed, both sides of the equation should 
have the same total numbers of electrical 
charges and total numbers of neutrons 
plus protons, 7.e., the sum of the sub- 
scripts on one side equals that for the 
other side, and likewise for the super- 
scripts. This is the means of balancing the 
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PRODUCED BY DEUTERON BOMBAROMENT 
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Production of radiophosphorus by deuteron bombardment of phosphorus. 


+ P — ,P* + H + energy 
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from the deuteron gets into the nucleus and stays, changing the nucleus from mass 31 to mass 32. 
32 phosphorus is not stable and subsequently gets rid of energy and its imbalance of mass to charge content 
by emitting a negative electron. Half of a given number of phosphorus 32 nuclei will have thus broken up or 


“decayed” in 14.2 days. The nucleus left after the beta particle is emitted is sulphur 32, a stable nucleus, in 
a normal energy state so that no gamma ray results. 


INDUCED RADIOACTIVITY 

The use of the deuteron as a bombarding 
particle is illustrated in Figure 7, which 
depicts the formation of radioactive P*. 
All the phosphorus in nature is of the 
stable form, having fifteen protons and 
sixteen neutrons, ,,P*'. When a high- 
speed deuteron encounters the phosphorus 
nucleus, the proton may be repelled, while 
only the neutron may enter and stay in 
the bombarded nucleus. The result is that 
the charge is not changed but the mass is 
increased by one. Consequently, the 
element still remains phosphorus but be- 
comes the isotope ,,P**. This isotope is 


not stable and will eventually give out an 
electron and change to ,S** which is stable. 


equation. If one is interested in the ener- 
gies required or released, an energy bal- 
ance must also be made. The reaction 
above has excess energy on the products 
side (exothermic). The subsequent decay 
of the radiophosphorus is written ;;P*? = 
wo” + _;¢°. 

It is the emission of the beta rays that 
makes it possible to detect the presence of 
this new form of phosphorus. The beta 
rays have energies up to as high as 1.8 
Mev (million electron-volts), while the 
average energy is roughly 0.6 Mev. Al- 
though the nucleus is one heavier than 
ordinary phosphorus, the chemical be- 
havior is the same as that of ordinary 
phosphorus because both have the same 
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system of fifteen orbital electrons with 
which they encounter other atoms. Con- 
sequently, P** can be used to trace the 
action of ordinary P*' in any system by 
following the radioactivity of a small 
added amount of ‘‘tracer’’ phosphorus, 
p**, through that system. This artificially 
produced radioelement has several physi- 
cal properties that make it advantageous 
for biological and therapeutic uses: (1) 
since its half life, that is, the time during 
which a group of these atoms will decay to 
half their number, is 14.2 days, in a few 
months an administered dose of radio- 
phosphorus will decay to an imperceptible 
amount; consequently, there is not the 
danger of overdose by prolonged exposure 
as with elements having very long half 
lives; (2) since there are no gamma rays 
emitted during the disintegration process, 
the phosphorus affects only the local re- 
gions in which it is deposited; (3) it is used 
by any system in the same manner as is the 
ordinary phosphorus. 

Many other biologically useful radio- 
elements are produced in the same manner 
by deuteron bombardment. In each case 
the deuteron is shot at the nucleus only for 
the purpose of adding its neutron to the 
bombarded nucleus. Thus Na®* is made 
into radioactive sodium, Na*‘, and Fe* 
into Fe**, etc: In the induced isotopes 
that are heavier than normal there is a 
greater proportion of mass to charge than 
for stability. They decay by emitting a 
negative charge, beta ray, thus increasing 
the positive charge of the nucleus without 
changing the mass and coming to a stable 
ratio of charge to mass, that is, of protons 
to neutrons plus protons. 

The result of bombarding with a deu- 
teron also may be the capture of a proton 
instead of a neutron. In this case the 
neutron is emitted and the resulting trans- 
mutation forms an element with one 
more charge and mass than that bom- 
barded. For example, the process most 
generally used for the production of 


neutrons is that illustrated in Figure 8, in 
which beryllium is bombarded by deu- 
terons. Itis conceived that for a very short 


A NvucLEAR TRANSFORMER 52 


time there is a coalescence of all the par- 
ticles into a compound nucleus, ;B"', which 
is highly unstable and ejects a neutron 
with a great amount of kinetic energy. 
The particles of the residual nucleus ;B” 
which are left in a state of agitation return 
immediately to normal merely by emitting 
a gamma ray. Thus in this process a 
radioactive residual nucleus does not re- 
sult. In many cases of proton capture, 
however, the residual nucleus is radio- 
active, so that one gets both the emission 
of a neutron and the production of a 
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Fig.8. Diagram of the nuclear process for producing 


the largest yield of high-energy neutrons, bombard- 
ment of beryllium by energetic deuterons. It is con- 
ceived that there is a momentary coalescence of the 
deuteron and the beryllium nucleus into a compound 
nucleus, boron 11, which is extremely unstable and 
which immediately breaks up by emitting a neutron. 
The neutron may have an energy up to 4.8 Mev greater 
than that of the bombarding deuteron, but generally 
has less, the difference being emitted as gamma radia- 
tion. Since it is the proton which stays in the nucleus 
in this case, the final nucleus has one unit charge as 
well as one unit mass greater than beryllium 9, i.¢., 
boron 10. No radieactive nucleus is formed in this 
case, for the excess energy of the nuclei formed is 
disposed of immediately. This is the bombardment 
used to produce fast neutrons for therapy. 


radioactive element by the deuteron bom- 
bardment. A commonly used case is the 
deuteron bombardment of tellurium to 
form radioactive iodine. In the case of 
neutron capture, the radio-isotope is that 
of the bombarded element, while in proton 
capture, the radio-isotope is that of the 
next element up the atomic table. 

By referring to Figure 5, showing the 
potential barrier around a nucleus, one can 
see that there is a force which tends to 
split the deuteron apart as it approaches 
the nucleus. The proton is repelled and 
must climb the potential barrier, while the 
neutron is unrepelled. It takes 2.2 million 
electron-volts of energy to separate the 
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Fig. 9. <A diagram illustrating the principle of the 
ionization chamber method of radiation detection. An 
energetic charged particle streaking through the gas in- 
side the chamber produces positive and negative ions. 
The ion pairs are pulled apart, before they can recom- 
bine, by an electric field applied between a central 
insulated rod and the case and are measured by a sensi- 
tive current-measuring device. Beta particles, which 
ionize directly, are allowed to enter through a thin 
window. Gamma rays do not ionize directly but may 
penetrate through the walls and eject secondary elec- 
trons into the measuring region. Neutrons would give 
rise to ionization by causing recoil nuclei in the gas. 


neutron and the proton, so that when the 
deuteron has climbed to a potential of 2.2 
million volts on the nuclear barrier, the 
proton and neutron may be pulled apart 
by the difference in repulsion. The 
neutron will continue on into the nucleus 
and the proton may be repelled. This is 
called the Oppenheimer-Phillips process. 
It is an effective means of getting a neutron 
added to a nucleus and is the manner in 
which P*, etc., are produced most effi- 
ciently. Neutron bombardment of the 
same element will produce the same result, 
but the yield of activity is not as efficient, 
for one must first produce neutrons by 
some such process as shown in Figure 8, 
and in each process the efficiency of hitting 
nuclei is small. 
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DETECTION OF RADIATIONS AND 
RADIOELEMENTS 

The induced radioelements may emit 
beta particles (high-speed electrons) alone, 
gamma rays alone, or both simultaneously, 
Radiophosphorus and radiostrontium give 
out beta particles only. The decay periods 
or half lives of the induced radioelements 
have values from fractions of a second to 
many years. The half life of a radio- 
element is the time taken for half the ini- 
tial amount to decay. At the end of the 
second half life, half again will have de- 
cayed, so that the activity will be one- 
fourth. The radio-element will continue 
to decay in this, an exponential manner, 
like losing compound interest. The sub- 
stances that have half lives of a few days, 
weeks, or months, are quite useful in bio- 
logical work because their radioactivity 
can be followed for periods of time com- 
parable with the times required for bio- 
logical changes to take place. In using the 
induced radioelements for therapy, the 
limited half lives are an advantage be- 
cause the patient is not irradiated for 
periods of years, as is the case when sub- 
stances like radium are used. Practically 
none of the artificially induced radio- 
elements emit alpha particles, while among 
the heavy natural radioelements there are 
many alpha particle emitters. 

Radioelements are detected as a conse- 
quence of the ionization that their radia- 
tions produce. Figure 9 illustrates the 
ionization chamber method of detection. 
As beta particles shoot through air or other 
gases they knock electrons from some of 
the atoms that they pass. An atom from 
which an electron is ejected has a positive 
charge and is called a positive ion, while 
the ejected electron in hopping onto some 
other atom makes it a negative ion. Ions 
are thus formed in pairs containing one 
positive and one negative ion. At intervals 
along the path of a beta particle there are 
consequently ion pairs. The ions of a pair 
will attract each other and recombine un- 
less pulled apart by an electrical field. An 
electroscope is merely an enclosed region of 
gas in which an electrical field pulls ions 
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apart, in order that they can be collected 
and measured as a current. As shown in 
the diagram, it is an enclosed case in which 
there is an insulated central rod so that a 
difference of potential may be applied be- 
tween the rod and the case; thus ions of 
one sign will travel to the rod and those of 
the other sign to the case. One end of the 
case has a thin window (generally very thin 
aluminum is used) through which the beta 
particles from the radioactive sample may 
enter. The current is generally small but 
can be measured in a variety of ways, 
either by an electrometer or an electrome- 
ter vacuum tube device. 

The gamma rays, since they do not have 
an electrical charge, do not ionize directly 
as they pass through the chamber. They 
are detected by the secondary electrons 
which they eject from the material in which 
they are absorbed. Some of the gamma 
rays are absorbed in the enclosed gas or in 
the inside wall of the case and knock the 
electrons into the ion-collecting region. 
These secondary electrons then, like beta 
rays, produce ion pairs and register in the 
measuring instrument. A sample that 
emits gamma rays may be detected at a 
distance from the ionization chamber be- 
cause the gamma rays, like light, can go a 
long distance before being absorbed. Also, 
it is not always necessary to have a thin 
window in the chamber in order for gamma 
rays to enter the chamber and eject elec- 
trons from the inside wall. On the other 
hand, beta rays, since they are continually 
losing energy by forming ions as they pass 
along through material, go only a certain 
distance, called their range, before they 
lose all their energy. Thus, beta ray 
activity can be detected only in the im- 
mediate neighborhood of the sample. Be- 
cause beta rays have a definite limited 
range, substances which emit only beta 
rays are of most use in radiation therapy. 
The areas treated will be those in the im- 
mediate region in which the radioelement 
is deposited. In the case of gamma ray- 
emitting substances the effect will not be 
so localized. 

Another commonly used means of de- 
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Fig. 10. An illustration of the essentials of a Geiger 
counter, a very sensitive detector of radiation. The 
counter tube consists of a sealed glass tube, containing 
a suitable gas at low pressure, in which are mounted 
coaxially a fine wire at high positive potential and a 
surrounding copper cylinder connected to the negative 
side of the potential supply. Any ions formed near 
the wire are in such a high electric field that they are 
given enough energy to produce other ions; these in 
turn gain energy in the field and produce more ions, 
finally building up to an avalanche of ions that registers 
as a pulse in the amplifier. In a counter tube a single 
charged particle, by producing ions in the sensitive 
region, can be detected, whereas in the ionization cham- 
ber method a number of particles need to produce ioni- 
zation before a measurement is possible. The diagram 
illustrates a cosmic ray particle capable of penetrating 
through the counter tube, but tubes can be made with 
thin walls and mesh cylinders suitable for measuring 
very soft radiation. 














tecting beta and gamma rays is the Geiger 
counter, whose features are shown in Fig- 
ure 10. A fine wire surrounded by a metal 
cylinder is sealed in a glass tube. The tube 
is filled with a suitable gas at a pressure of 
5 to 10 cm. of mercury. A positive po- 
tential of the order of about 1,000 volts is 
applied to the fine central wire and the 
surrounding cylinder made negative. If 
the walls of the tube and cylinder are thin 
enough, or a thin window is installed, it is 
possible for beta particles to produce ion 
pairs inside the space between the wire 
and the cylinder. These ion pairs are 
formed in such a strong electrical field that 
they are given considerable acceleration 
and are able to produce other ion pairs. 
These in turn are accelerated and produce 
further ion pairs, resulting in a multipli- 
cation of ionization (an avalanche) that 
momentarily causes a sudden’ surge of 
charge to flow along the electrical circuit. 
These surges are then amplified electrically 
and counted on a registering instrument. 
A Geiger counter thus counts particles 











A photograph of the ionization produced in 
a cloud chamber on which both neutron and gamma 


Fig. 11. 


radiation were falling. The photograph was taken 
looking down axially through the glass top of the cloud 
chamber cylinder toward the black-topped piston be- 
low. When the piston expanded, the supersaturated 
vapor in the cylinder condensed on the ions formed by 
the passage of charged particles through the vapor 
and made the paths visible under bright illumination 
as tracks of white fog droplets. The heavy thick 
swaths are the result of recoil nuclei hit by fast neutrons 
The thin, irregular, sparsely ionized tracks are those of 
secondary electrons produced by gamma rays 


that shoot through the sensitive region of 
the detecting tube. In the case of gamma 
rays, the walls of the counter do not need 
to be thin, because gamma rays can pene- 
trate the walls and eject secondary elec- 
trons into the sensitive region of the 
counter. 

Another means of detecting the ioniza- 
tion produced by radiation is by the use of 
a cloud chamber. This chamber is a cyl- 
inder with a transparent top at one end 
and a movable piston at the other. The 
region in between is filled with a gas and 
nearly saturated with water or alcohol 
vapor. When the piston is pulled down 
suddenly so that the gas is expanded, a fine 
fog is formed throughout the region by the 
consequent cooling of the vapor. If there 
are ions present in the chamber, the fog 
condenses on them to form droplets. Thus 
if a beta particle has gone through the 
chamber, a series of fog droplets will ap- 
pear all along the path of the particle where 
ion pairs have been formed, and by bril- 
liant illumination from the side the drop- 
lets can be seen clearly against a dark back- 
ground. In Figure 11 one sees the appear- 
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ance of a cloud chamber on which gamma 
rays and neutron rays were falling. The 
gamma rays ejected secondary electrons 
from the walls of the chamber. The elec- 
tron paths are the irregular dotted, tenu- 
ous tracks along which there are individual 
droplets of fog. Unlike gamma rays, the 
neutron rays, or fast neutrons, do not 
enter into collisions with the very light 
electrons in matter but only with the more 
massive nuclei, for only the latter are 
heavy enough to take energy away from 
neutrons when they are hit. Neutron rays, 
consequently, produce their ionization in 
a secondary manner as the result of their 
collision with nuclei. If the nucleus that 
the neutron hits is hydrogen, it will, on the 
average, suffer a loss of half its energy, 
something like the random collision of two 
billiard balls of equal mass. The heavier 
nuclei will also recoil from neutron colli- 
sions, but the heavier they are the smaller 
the amount of energy with which they 
will recoil. In any case, a recoiled nucleus 
is a heavy, slow moving charged particle 
which will behave in producing ionization 
much like an alpha particle. In a cloud 
chamber these recoiled nuclei appear as 
short, thick tracks of about one hundred 
times greater density of ionization than 
that along the tracks of beta particles. In 
Figure 11 the thick straight tracks are those 
of nuclei hit by neutrons. Cloud chambers 
are particularly useful in detecting the 
types of ionizing particles and in determin- 
ing their range or energy. Neutrons may 
also be detected by the secondary ioniza- 
tion they produce in especially designed or 
sensitized ionization chambers or by the 
induced radioactivity they are capable of 
producing in many elements. 


ACCELERATION OF BOMBARDING PARTICLES 


As stated previously in regard to Figure 
5, the nucleus is surrounded by a repellent 
potential barrier. When physicists first 
began to consider the possibility of trans- 
muting elements by bombarding them with 
laboratory-accelerated particles, it was 
evident from transmutation experiments 
with the natural bombarding particles that 
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the bombarding particles would have to 
have very high energies. Some of the first 
experimenters thought to harness light- 
ning, or the high potentials existing on 
storm clouds. They strung cables be- 
tween mountain peaks to pick up charges 
at high voltage during storms, but they 
were unable to control the erratic and too 
powerful discharges; moreover, it was 
extremely dangerous and there was loss of 
life. A method much more controllable 
for utilizing the potential acquired by the 
accumulation of charge on an insulated 
body, similar to the accumulation of charge 
by a cloud, is the method developed by 
Van der Graaf, in which a large sphere is 
insulated from the earth and is fed with a 
continuous stream of charge along an in- 
sulated belt. This scheme has been used 
successfully to accelerate particles, using 
up to above four million volts. When the 


charged sphere attains more than four 
million volts, it is difficult to prevent light- 
ning-like discharges from shooting to the 
surrounding walls or to the earth, down 


the charging belts or insulating supports. 
Another method tried very early in the 
search for means of producing high volt- 
ages was the cascade arrangement, in 
which a series of transformers, each ca- 
pable of stepping the voltage up to around 
two hundred thousand volts, were mounted 
in cascade and insulated so that the volt- 
ages could be added in a succession of 
steps. 

Cockroft and Walton, in England, when 
they had attained only about five hundred 
thousand volts by a cascade scheme, under- 
took nuclear bombardments (1932). They 
accelerated protons and used them to 
bombard elements with small nuclear 
charge, lithium and boron. The result in 
the case of lithium was as shown in Figure 
6. The surprising thing was that the pro- 
ton was able to penetrate into the lithium 
nucleus with such a low bombarding 
energy, for the repellent force of the three 
charges in the lithium nucleus is enough 
to require a proton with around two 
million volts energy to climb completely 
up the repelling barrier. Although physi- 
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cists in their estimates had expected that 
they would need much higher energies to 
produce transmutations, once the trans- 
mutations were found to occur for these 
lower bombarding energies, suitable ex- 
planations were found. According to the 
theories of modern physics, the proton 
does not always have to climb completely 
up the potential barrier of the bombarded 
nucleus, but has a probability of sneaking 
into the nucleus directly through lesser 
heights of the barrier. This arises from 
laws governing bodies as small as nuclei 
and electrons with which we have nothing 
comparable in the world of large, macro- 
scopic bodies. Higher bombarding ener- 
gies are desirable, nevertheless, because the 
chance of getting into a nucleus becomes 
greater the farther up the potential barrier 
the bombarding particle climbs. Even 
when the bombarding particles have 
enough energy to climb completely over 
the barrier, an increase in their energy 
generally results in a greater yield of trans- 
mutations because the particles penetrate 
further into the target material and en- 
counter more nuclei. 


THE CYCLOTRON 


While others were seeking methods of 
attaining very high voltages, Professor E. 
O. Lawrence conceived the idea of speeding 
a particle up to very high energies by giv- 
ing it successive accelerations. On this 
scheme, instead of trying to attain a po- 
tential at some point in an apparatus great 
enough to give a particle all of its energy 
in one push, a much lower voltage would 
be used to give the particle a series of 
pushes. This idea led to the invention of 
the cyclotron, the principle of which is 
shown in Figure 12. The essentials are a 
large electromagnet with circular poles, a 
vacuum chamber, and two electrodes that 
alternate in potential. The vacuum cham- 
ber is placed between the poles of the 
electromagnet and inside of it are placed 
two hollow semicircular electrodes labelled 
D, and D,.. These electrodes are referred 
to as Dees because they have the shape of 
a capital D. The particles to be acceler- 
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ated are introduced at the center of the 
circular system between the two Dees. 
These particles are generally protons or 
deuterons formed by removing the elec- 
trons from hydrogen or deuterium atoms. 
This is accomplished by electron bom- 
bardment of the hydrogen or deuterium 
gas in an ion source at the center of the 
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moving in a magnetic field is brought 
about by the same principle that causes a 
wire carrying a current to revolve in a 
magnetic field, the principle used in an 
electric motor. After the particle de- 
scribes a half circle it emerges from D, and 
is again in the accelerating gap. If the two 
Dees are still positive and negative in the 
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Fig. 12. 


accelerations to produce an ion with a final very high energy. 
section through the magnet poles showing the vacuum chamber, C, between the poles. 


A diagram to illustrate the principle used in the cyclotron of adding together a series of 


On the right is a vertical cross- 
The ions 


are accelerated by the voltage difference across a gap between two insulated, hollow, semicircular 


electrodes, D; and Dy». 


as the result of repeated accelerations across the gap between D, and D». 
nuclei of only the lightest elements, are produced by an ion source at the center at F. 


On the left isa horizontal section illustrating the path taken by a positive ion 


The ions to be accelerated, 
The 


voltage must be alternated so that, when the ion crosses the gap between the Dees, going from 
left to right, D; is positive and D. negative; when it goes from right to left at the other side of 
the semicircular path imposed by the constantly applied magnetic field, D,; is negative and D, 


positive. 


vacuum chamber. Alpha particles or 
helium nuclei may also be introduced, in 
which case helium gas is used in the ion 
source. A positive ion introduced be- 
tween the Dees is pushed by the positive 
D and pulled by the negative one, thus 
being accelerated across the gap between 
the Dees (from D, to D,). Once it is shot 


into the hollow D., the electrical force no 
longer acts on the particle but the mag- 
netic field which is constantly applied 
makes the particle move in a circular path. 
This circular motion of a charged particle 


same direction as previously, the particle 
will be slowed down and stopped. By 
reversing the signs of potentials on the 
Dees (D; now minus and D, plus), how- 
ever, the particle will again be accelerated, 
this time being pushed by D, and pulled by 
D;. Once inside D, the particle, again 
traveling under the influence of the mag- 
netic field alone, goes around another semi- 
circle and comes out into the accelerating 
gap where, if the Dees are again alternated 
in sign, the particle will be given another 
acceleration. This process continues to be 
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One of the early models of the cyclotron vacuum chamber with the lid removed so as to show the 


accelerating mechanism. Only the one Dee on the right was used, the accelerating gap being between it and a 
grounded bar across the center. The deflector and target chamber are on the left. This simple 11-inch diameter 
model was the first to produce a useful proton beam, finally attaining protons with 1.25 Mev of energy. 


repeated. All that is necessary is that the 
magnetic field be kept on constantly so 
that the particle will revolve properly and 
that each time the particle emerges from a 
Dee, the electrical field be in the proper 
direction to give the particle an accelera- 
tion. The particle will spiral outward 
because, as it gains speed, it has more cen- 
trifugal force. The length of path taken 
between successive transversals of an accel- 
erating gap increases as the particle moves 
outward. It can be shown, however, that 
the speed of the particle increases at such 
a rate that the time of travel between 
accelerations will be constant; that is, it 
takes the same time to go around a small 
semicircle slowly as to go around a large 
semicircle fast. This allows one to make 
the plus and minus alternations applied to 
the Dees have a constant frequency. A 
constant stream of particles may thus be 
kept in the process of acceleration from the 
center out, because those near the center 


are being accelerated synchronously with 
those farther out. 

In a practical case the frequency of 
oscillation of the Dees is about ten million 
cycles per second. The voltage difference 
between the Dees depends on the cyclotron 
and its operating conditions, but is of the 
order of one hundred thousand volts, 7#.e., 
oscillations of the order of from plus to 
minus fifty thousand volts on each Dee. 
There is little difficulty experienced in con- 
trolling voltages of these values inside a 
good vacuum such as is maintained in the 
chamber. Another reason for obtaining a 
high vacuum in the accelerating chamber 
is to avoid having air molecules present 
with which the accelerated particles could 
collide and lose energy. With the degree of 
vacuum achieved (the order of a hundred 
millionth of an atmosphere) a particle 
being accelerated rarely encounters an air 
molecule. Suppose that a particle receives 
a full one hundred thousand volt push in 
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Fig. 14. The first cyclotron to produce a useful high energy beam of particles. This model was de- 
veloped in 1931 and used in 1932 for producing transmutations with protons having over one million electron-volts. 
The magnet on the right, weighing about a ton, had 11-inch diameter poles. It made use of the chamber of Figure 
13. Previously, in 1930, a smaller model having magnet poles and a chamber 4 inches in diameter was used in 
demonstrating that ions could be accelerated synchronously by the cyclotron principle 


its first acceleration and comes around a 
semicircle at the proper time to be again 
accelerated. It will then obtain another 
one hundred thousand volt acceleration, 
and will have a total of two hundred thou- 
sand electron-volts of energy.* At the 
next acceleration it will then acquire an- 
other one hundred thousand volt push and 
be up to an energy of three hundred thou- 
sand electron-volts, etc., so that by the 
time it has crossed the gap one hundred 
times, that is, fifty complete revolutions, 
it will have a total energy the same as 
though it had been given a single ten 
million volt push. It is thus evident that 
by means of the cyclotron, particles can be 
accelerated to very high voltages through 


*A volt is a unit of electrical potential, or potential 
difference, while an electron-volt is a unit of energy, 
namely, the energy that an electron (or proton, which 
also has the same amount of charge) gains in falling 
through a potential difference of one volt. The abbre 
viation Mey is used for million electron-volts 


the use of readily obtainable intermediate 
voltages. 

In order to bombard targets with the 
accelerated particles, a probe containing 
the target material can be introduced into 
the gap between the Dees near the periph- 
ery where particles reach their highest 
voltage (internal target method), or one 
can pull on the particles where they come 
out from the Dee by means of an attract- 
ing negative plate, called a deflector, placed 
alongside the Dee, so that they will be de- 
flected away from the Dees to an external 
target. 

Figure 13 shows the vacuum chamber 
part, with lid removed, of the first cyclo- 
tron to produce a beam of accelerated 
particles. The chamber is a metal box 12 
inches square and only about three-fourths 
of an inch deep inside. Only a single Dee 
was used, the other Dee being in effect the 
grounded interior of the other half of the 
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Fig. 15. The second cyclotron as it was in 1933. Prof. Ernest O. Lawrence, inventor of the cyclotron, is stand- 
ing nearest the magnet and next to him is Dr. M. Stanley Livingston, who aided greatly in the early development. 


The 80-ton magnet was fitted first with only 27-inch poles and equipped as a cyclotron in 1931 and 1932 
) equipp LC} 1d 
By 1936, just before it was changed to a 37-inch cyclotron, 


in successful operation in 1932 at energies over 2 Mev. 


It was 


it had produced intense beams of deuterons with energies up to 6.2 Mev. 


vacuum chamber. The Dee was insulated 
to stand the radiofrequency voltage used 
(roughly 4 kv.) by the small glass insulator 
on the right. The accelerating gap is the 
space between the Dee and the grounded 
bar (containing a slot for the particles to go 
through) which is across the middle of the 
chamber. A small deflector and bombard- 
ing chamber are seen on the left. This 
chamber was placed between the 11-inch 
diameter poles of the one-ton magnet 
shown on the right of Figure 14. With this 
first cyclotron protons with energies some- 
what over a million electron-volts were 
obtained and transmutations of several 
light elements were produced. The prin- 
ciple of the cyclotron was conceived late in 
1930, the above 1l-inch diameter appa- 
ratus was built in 1931, and in 1932 trans- 
mutations were achieved with it. 

In the period between 1931 and 1932, an 
S0-ton magnet, designed for spark quench- 


ing in telegraphy but made obsolete by the 
advent of radio-tube transmission, was 
rescued from a scrap heap and made into a 
cyclotron. The magnet has a core for 
poles 45 inches in diameter but for the 
early trials was set up with poles to take 
only a 27-inch diameter chamber. In 
Figure 15, the 27-inch cyclotron (the size 
of a cyclotron is arbitrarily given by the 
diameter of its vacuum chamber) is seen 
in its early stages. Beside it are Dr. E. O. 
Lawrence, inventor, and Dr. M. S. Living 
ston, who aided in its development. The 
first beams obtained were protons having 
energies of less than two million electron- 
volts. In 1934 after deuterium became 
available, it was possible to accelerate 
deuterons, and by 1935 the 27-inch cyclo- 
tron was developing deuterons with ener- 
gies of 4 Mev. In 1936 the diameter of the 
poles was increased to 37 inches and an 
improved vacuum chamber was installed 
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Fig. 16 (above). A view of the 37-inch diameter Dee chamber first used in 1936. The 2-inch 
thick steel lid is removed to show the Dees with the accelerating gap between them. The de- 
flector plate can also be seen alongside the Dee on the left. In the foreground are the supports 
which hold the Dees insulated from the surrounding chamber. On the left is the manifold through 
which the chamber is evacuated, 


Fig. 17 (below). A view of the 37-inch cyclotron while it was shooting a beam of deuterons 
with an energy of 8 Mev out into the air. The beam going through the air produced the bright 
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Fig. 18. Photograph of the 60-inch medical cyclotron of the W. H. Crocker Laboratory in the fall of 1939, just 
before it was enclosed by large shields for radiation protection. Dr. Donald Cooksey, Assistant Director of the 
Radiation Laboratory, is standing on the left at the west end of the 200-ton magnet. Dr. Kenneth Green, on the 
right, is standing by the west one of the two large parallel Dee-supports that extend out to the right. The deflec- 
tor voltage is led in internally through the west Dee-support to the deflector alongside the west Dee. The exten- 
sion on the end of this support alongside Dr. Green is a housing for the deflector voltage lead. 


(Fig. 16). Beams of deuterons with 
energies up to 8 Mev were soon obtained 
and used regularly for physical and bio- 
logical experimentation. The current of 
the bombarding beam was increased from 
millionths of a microampere in the first 
work to hundreds of microamperes in the 
later work. Figure 16 is a picture of the 
vacuum chamber of the 37-inch cyclotron 
with the top cover removed so that one can 
see the two Dees and other internal parts. 
The Dees are insulated from the surround- 
ing tank and supported by the two large 
glass insulators shown in the foreground. 
Beside the Dee at the left is a curved plate, 
the deflector, which, when charged nega- 
tively, pulls on the passing beam and de 
flects it toward the target bombarding 
region. Figure 17 shows this vacuum 


chamber in place in the 37-inch cyclotron, 
with a beam of deuterons issuing from it. 
For this picture a thin aluminum foil was 
placed at the end of the bombardment 
chamber instead of a target, so that the 
deuteron beam could penetrate into the air 
and yet permit maintenance of the vacuum 
in the chamber. Because the beam con 
sists of high-speed charged particles, ioni- 
zation and excitation of the atoms and 
molecules in the air are produced all 
along its path and a bluish-purple glow 
is seen as a result of the light given 
out when the excited atoms and molecules 
return to normal. The beam of 8 Mev 
deuterons is able to penetrate through 
about a foot of air before thus losing all its 
energy. In the photograph it appears as a 
short bright streak extending out of the 


streak, approximately a foot long, seen issuing to the left from the target chamber in the center of 
the apparatus. One of the surrounding radiation shields, a tank of water 3 feet thick, was pulled 


back to obtain this picture 
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Fig. 19. 


ber is seen at the edge of the Dee chamber between the coils of the magnet. 


View of the 60-inch cyclotron from the bombardment chamber side 


The bombardment cham- 
The radiofrequency oscillators 


for supplying power to the Dees are in the metal house at the left above the cyclotron, while the p.c. voltage 
supply for the deflector is in the tank above at the right 


target chamber. Figure 20 is a close-up of 
a more energetic deuteron beam. 

So successful was the 37-inch cyclotron 
in its production of induced radioelements 
and neutron radiation, and so useful were 
these in physical and biological experi- 
ments, that in 1937 a larger cyclotron was 
planned especially for biological and medi- 
cal use. Construction was started late in 
1937, and by June 1939, beams of deuter- 
ons were obtained with energies twice as 
great as those obtained previously. Figure 
18 shows the completed 60-inch medical 
cyclotron of the W. H. Crocker Laboratory 
before it was surrounded by thick radiation 
shielding. Dr. Donald Cooksey,‘ who is 
standing on the left, is at the west end of 
~ 4 Most of the photographs of cyclotron apparatus 
were taken by Dr. Cooksey, Assistant Director of the 


Radiation Laboratory. The author is grateful for per- 
mission to use them. 


the large electromagnet, which was fab- 
ricated from 190 tons of steel. The yoke of 
this magnet is rectangular, roughly 15 feet 
long, 12 feet high, and 6 feet wide. One 
pole of the magnet is attached inside the 
yoke to the center of the upper part, and 
the other pole is attached directly below 
on the lower part, leaving a gap between 
them in which the vacuum chamber is 
placed. Although the poles are actually 6 
feet in diameter, they are tapered near the 
gap to 60 inches, making this a 60-inch 
cyclotron, whereas it is potentially 12 
inches larger. It was not made larger when 
built, in order not to make the cyclotron 
too great an extrapolation over the 37- 
inch one. Around the poles are the large 
doughnut-shaped tanks containing the 
coils or windings of 30 tons of copper strip 
through which a strong p.c. current is 
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Fig. 20. 


A close-up view between the magnet coil tanks of the 60-inch cyclotron, showing the approximately 


5-foot-long glow produced in the air when a 16-Mev beam of deuterons is let out of the target chamber on the right. 
A thin aluminum foil, through which the deuterons easily penetrate and yet which will maintain a vacuum in the 


chamber, is used in place of an ordinary thick target. 


The beam flares at the end of its travel because when the 


deuterons slow down they scatter more easily and ionize more heavily. 


passed to create the magnetic flux. The 
vacuum chamber in the center between 
the poles has sidewalls of brass or other 
non-magnetic materials, so that the mag- 
netic field does not suffer an abrupt change 
near the sides of the chamber. The large 
tubes extending horizontally to the right, 
where Dr. Kenneth Green is standing, are 
called Dee-stems and are the means devel- 
oped especially to support the large Dees 
for this cyclotron. (The Dee stem on the 
east side is hardly visible in this picture, 
but it is parallel to the west one which Dr. 
Green is touching.) The voltage between 
the Dees goes as high as 200,000 volts in 
this cyclotron and the radiofrequency 
power needed to make them alternate is 
about 75 kilowatts. For such power and 
voltage, the type of glass insulating sup- 
ports used on the smaller 37-inch cyclotron 
was not feasible. The Dee-stem arrange- 
ment eliminates the use of Dee insulators 
by feeding the radiofrequency power to 


the Dees by a coaxial line system. The 
metal house appearing above the cyclotron 
on the mezzanine contains the 200-kw. 
capacity radiofrequency generator. The 
power is fed from the oscillators to the 
Dee-stems along two transmission lines 
with coaxial shielding, seen in the photo- 
graph as the two long cylinders coming 
down at a slant from the oscillator housing. 
In this cyclotron the deflector is sur- 
rounded by, but insulated from, a special 
shield attached to the side of the Dee so 
that the deflector does not have radio- 
frequency currents induced in it, an im- 
provement over former designs. The 
approximately 100,000-volt negative D.c. 
potential applied to the deflector is led 
down from a voltage supply on top of the 
magnet along the black shock-proof cable, 
to an internal lead through the west Dee- 
stem, and to the deflector inside its special 
radiofrequency shield. The other auxiliary 
equipment is for the purpose of producing 
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Fig. 21. 
ing was initiated. 


A view of the 60-inch cyclotron, from the same direction as in Figure 18, after radiation shield- 
Tanks of water, 5 feet thick, were placed all around the apparatus. 


At first, the top was 


covered over with layers of 5-gallon cans filled with water to test the need for shielding above the cyclotron. 


These are now replaced by tanks of water 4 feet deep 


With these enclosing shields and other shielding ma- 


terial immediately around the cyclotron chamber, as shown in Figure 22, it is no longer possible to obtain 
general views of the cyclotron, as in the previous three figures 


a vacuum in the Dee chamber and the Dee- 
stems and for cooling the places where 
energy is expended. 

A view of the cyclotron from the other 
side, the side on which external targets 
are bombarded, is shown in Figure 19. 
The Dee and bombardment chambers, 
between the magnet coils in Figure 19, are 
shown in a closer view in Figure 20. A 
beam of 16 Mev deuterons is shooting out 
of the bombardment chamber through a 
thin aluminum foil into the air and pro- 
ceeding for a distance of five feet before 
expending its energy. As previously ex- 
plained, the path of the beam glows with a 
bluish-purple light as a result of the ioni- 
zation and excitation caused by the high- 
speed charged particles streaking through 
the air. To take the picture a flash ex- 
posure was first made to show the appa- 


ratus; the room was then darkened, and the 
exposure of the beam alone was continued 
for several seconds. Ordinarily the beam 
is not let out into the air, but is stopped in 
the material to be bombarded by fastening 
the target in place where the beam is 
emerging from the window or by fastening 
it to the target chamber in place of the 
window. Targets can thereby be bom- 
barded either through a window outside of 
the vacuum or directly inside the target 
chamber in vacuum. When a target is to 
be removed from bombardment in vacuum, 
the vacuum in the large Dee chamber need 
not be broken, for there is a gate in the 
target chamber which can be closed 
against a rubber gasket to seal the main 
chamber from the air let into the target 
chamber. When a new target is put on, 
the small target chamber can be easily 
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evacuated before opening the gate to the 
main chamber. 

Such great intensities of neutrons and 
gamma rays are emitted during operation 
of the cyclotron that it is imperative to 
provide adequate radiation protection for 
persons who spend much time in the en- 
vironment. If no shielding at all were 
provided around the 60-inch cyclotron, 
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of having a mass about equal to that of a 
proton, recoils much more than any 
heavier nucleus when hit by a fast neutron, 
a material rich in hydrogen is the most 
effective in taking energy away from fast 
neutrons. In a material containing only 
heavy nuclei, a neutron may bounce from 
nucleus to nucleus without causing the 
nuclei to recoil enough to rob the neutron 
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Fig. 22. 
neutrons in the treatment of neoplasms and for protecting the personnel of the laboratory from the penetrating 


radiations emitted during nuclear bombardments. 


















































A horizontal cross-section of the 60-inch cyclotron, showing the shielding arrangements for using fast 


The internal arrangement of the cyclotron, including the 


method of supporting the Dees and the deflector, is also outlined. 


persons could not work eight hours daily 
and receive a daily dose of radiation within 
the limits of safety unless they were hun- 
dredsof meters away. While distance is a 
worth-while protective factor, it is in itself 
alone obviously impracticable and must be 
supplemented by shielding around the 
cyclotron. The first consideration in pro- 
viding shielding is to absorb the fast 
neutrons which are able to penetrate 
through great thicknesses of material. 
Since a hydrogen nucleus, as a consequence 


of much of its energy. Consequently, lead 
and concrete, although the most efficient 
and economical absorbers for gamma rays, 
are not practical as shielding materials for 
fast neutrons, while water or paraffin, 
which are inefficient absorbers of gamma 
rays, are the most practical absorbers for 
fast neutrons. To take care of both the 
gamma and neutron radiation, a combina- 
tion of heavy and hydrogenous absorbers 
is thus desirable. To obtain a sufficient 
reduction in the neutron intensity from 
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the 60-inch cyclotron a 5-foot thickness of 
water shielding around the cyclotron was 
desirable. This was accomplished by 
using tanks full of water. It was found 
that the region over the top of, as well as 
the entrances into, the cyclotron needed 
to be covered to prevent scattering of 
radiation out through those openings. The 
cyclotron is consequently no longer open 
to view, as in Figures 18 and 19, but is 
completely inside an igloo of water tanks, 
somewhat as shown in Figure 21. Since 
the latter picture was taken, the early and 
expedient practice of using 5-gallon cans 
full of water to cover over the roof has 
been abandoned as unsuitable for a per- 
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the treatment of patients with neoplasms, 
The 16 Mev deuterons, which are used to 
produce the neutrons, are shown being 
drawn away from the Dee by a deflector 
and shooting into a target placed at the 
periphery of the vacuum chamber. For 
producing the most abundant quantity of 
neutron rays this target is made of beryl- 
lium. The region all around the vacuum 
chamber is filled with shields of neutron 
energy reducers, such as water or paraffin. 
The neutrons lose energy by making 
collisions in these hydrogenous materials 
until they become what are called ‘‘slow” 
or thermal energy neutrons, that is, neu- 
trons that bounce around through the 


TABLE I 
Yield 
; 8 Mev 16 Mev 100 Mev 

Radioelement Half-life Reaction Estimated 

uNa** 15 hours Na (d in, p out) 2,000 10,000 350,000 

13P? 14.2 days P (din, p out) 30 200 7,000 

oF e® 47 days Fe (d in, p out) 0.005 0.03 1 

PP) Od 8 days Te (d in, n out) 1 20 1,000 





manent installation and the roof is now 
covered with tanks of water 4 feet deep. 
These large shields of water surrounding 
the cyclotron, which are a prime necessity 
for reduction of the neutron intensity, are 
also effective, because of their great mass, 
in removing most of the accompanying 
gamma radiation. Fortunately, also, the 
tons of steel and copper inherent in the 
cyclotron magnet are a considerable fur- 
ther shielding factor. In addition, lead, 
paraffin, water, and other absorbers fill up 
the space between the magnet coils di- 
rectly around the target and vacuum 
chamber. The operating personnel are 
protected from the small amount of pene- 
trating radiation which gets through or 
leaks out of all this shielding around the 
cyclotron by being behind over 18 inches of 
concrete wall. 

A cross-section horizontally through the 
middle of the cyclotron and the surround- 
ing water tanks is shown in Figure 22. 
This also shows the arrangement used in 
defining a beam of neutron radiation for 


Yield expressed in microcuries per micro-ampere-hour of deuterons. 





= deuteron, p = proton, n = neutron. 


material with only the energy of thermal 
agitation of the atoms they encounter. 
The final resting place of a neutron must be 
inside of some nucleus, for neutrons do not 
exist free in nature. Neutrons are most 
readily absorbed into nuclei when they are 
going most slowly (they thus spend more 
time in which to be caught in a transit 
through a nucleus). Final absorption of 
the slow neutrons is best accomplished by 
boron nuclei, for these have a tremendous 
factor of absorption for slow neutrons, and 
in the absorption process no gamma radi- 
ation is emitted as is the case for some 
other neutron absorbers. Accordingly, 
borax is dispersed throughout the paraffin 
shields and dissolved in the water in the 
patient shield region. Shields of lead are 
also properly arranged to take out gamma 
rays. A channel of a desired cross-section 
is opened through the shields so that the 
neutron rays can come down the channel 
and be directed against the region of the 
patient to be treated. A filter of lead 3 
em. thick is put in the channel to suppress 
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gamma rays directly from the target. The 
patient is aligned by means of a movable 
bed and other supports. The surrounding 
5-foot-thick water tanks, which shield 
workers in other parts of the laboratory, 
also form the walls of the treatment room. 


THE GIANT CYCLOTRON 


As the energies of bombarding particles 
have been pushed higher, greater yields of 
radioelements have been obtained and in 
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deuterons should result in much greater 
yields of radioactive elements. This, how- 
ever, is not the major reason for wanting to 
obtain greater bombarding energies, for in 
previous experience each time the energy of 
bombardments has been materially in- 
creased, new phenomena and new proc- 
esses have been observed. Also, one would 
like to find out more about the forces that 
hold nuclei together. According to the 
latest theories, nuclear forces are somehow 





Fig. 23. An artist’s conception of the giant cyclotron with a beam of 100 Mev deuterons issuing from it. The 
beam, illustrated on the left, would streak 140 feet through the air. The magnet has much the same design as 
used for smaller cyclotrons, but the Dee chamber and Dee support structures are a departure in design. The Dee 
supports are the large tanks coming out diametrically opposed from the Dee chamber instead of parallel and on the 
same side, as in former cyclotrons. 


addition many new processes have been 
discovered. The enhanced yields of several 
radioelements obtained with increased 
energy of the bombarding deuterons are 
shown in Table I. The values for 8 and 16 
Mev deuterons were obtained from 37-inch 
and 60-inch cyclotron data. The values 
for 100 Mev deuterons are estimated by 
extrapolation of known yields, using ap- 
proximations for the factors of penetration 
into targets and into nuclei. The attain- 
ment of one hundred million electron-volt 


associated with particles, first observed in 
cosmic ray phenomena, called mesotrons, 
which may have plus or minus charges like 
electrons but which are about a hundred or 
more times heavier than the latter. It is 
thought that the liberation or formation of 
these particles requires the expenditure of 
energies of around one hundred to two 
hundred million electron-volts. It is pos- 
sible that with bombarding energies of 
over 100 Mev sufficient energy may be 
supplied to nuclei to affect the mesotron 








Fig. 24. The magnet for the giant 
1942. It is 56 feet long, 30 feet high, and about 15 feet wide. 


mostly 2 inches thick, bolted together and welded 


purpose magnetically but was the simplest way to fabricate such a structure. 
needed to energize it, the magnet will weigh 4,000 tons, the world’s largest. 
poles can be judged from the figures of the men standing nearby. 
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184-inch cyclotron shown in the process of construction early in 


It was fabricated from 3,700 tons of steel plate, 


The construction of the magnet in laminations of plates had no 


With the 300 tons of copper coils 
The size of the 184-inch diameter 
The deuterons will have to start at the center 


and spiral all the way out to the edge of a chamber of this diameter in the process of acquiring their great energy. 


forces and thereby yield knowledge of the 
nuclear binding forces. 

A still further reason, and the most ex- 
citing one, for wishing to obtain higher 
bombarding energies is to investigate the 
possibilities of what is popularly called 
“atomic energy,’ that is, the energy that 
is released when nuclei disintegrate. Ein 
stein was the first to point out that there is 
an equivalence between mass and energy, 
that in atomic and nuclear reactions mass 
may disappear and in its place energy will 
appear. One of the first verifications of 
this equivalence of mass and energy was in 
the disintegration of lithium, already 
illustrated in Figure 6, in which lithium 
plus a proton divides into two alpha par- 
ticles. The mass of two alpha particles, 
as well as the masses of lithium and a 
proton, can be measured very accurately. 
It was observed that the mass of two alpha 


particles is much less than that of lithium 
plus a proton and that the difference was 
just the right amount to explain the large 
amount of energy acquired by the alpha 
particles during this process. According 
to Einstein’s hypothesis, the energy re- 
leased is equal to the mass multiplied by 
the square of the velocity of light. The 
square of the velocity of light is, indeed, a 
very large number, 9 X 10”, so that even 
the disappearance of a small amount of 
mass results in considerable energy. Con- 
version of a gram of mass into energy 
would result in more than two million 
kilowatt hours. Radium, which is con- 
tinually disintegrating and which is under- 
going a sequence of disintegrations in which 
mass is being lost, gives out enough energy 
to heat its own weight of water to the boil- 
ing point every hour. With the attain- 
ment of more information about nuclear 
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Fig. 25. The giant cyclotron laboratory, 165 feet in diameter and 90 feet high, on a hilltop directly 
above the campus of the University of California, where ten years earlier the first cyclotron was born. The 
Golden Gate Bridge is visible in the background across the Bay. 


forces or the discovery of new nuclear 
processes, the tremendous energies locked 
in the nuclei of atoms may some day be 
tapped for practical use. 

With these points in mind, that is, (1) 
increased yields of radioelements, (2) new 
processes and phenomena to be discovered, 
(3) further knowledge of nuclear structure, 
and (4) possibility of atomic power, plans 
were conceived for a giant cyclotron to 
produce deuterons with bombarding ener- 
gies of one hundred million electron-volts 
or greater. Figure 23 is an artist’s con- 
ception of how such a cyclotron might 
look. If the beam of 100 Mev deuterons 
were to be let out of this cyclotron into the 
air, as illustrated by the bright streak 
shooting out to the left, it would travel a 
distance of 140 feet; thus a door would be 
needed in the surrounding building to let 
the beam through. 

Preliminary ideas and hopes for a giant 
cyclotron arose in 1939. Through the 


support of a large grant by the Rockefeller 
Foundation, actual plans were laid in 
early 1940 and construction was started 
later that year. About three years were 
to be required for completion. 


Figure 24 


shows the giant magnet for this cyclotron 
under construction, its size being indicated 
by a comparison with the men standing 
inside the yoke near the bottom pole. 
Since the diameter of the pole is 184 inches 
(about 15 feet), this is designated a 154- 
inch cyclotron. The steel required for the 
magnet was about 4,000 tons and the cop- 
per used in the coils to energize the 
magnet weighs 300 tons; that is, the cop- 
per alone weighs much more than the 
weight of the present 60-inch medical 
cyclotron. The yoke of the magnet is 56 
feet long, 30 feet high, and 184 inches wide. 
It is the largest electromagnet known. 
This huge electromagnet is housed in a 
building, 165 feet in diameter, shown in 
Figure 25 on its site overlooking the 
Golden Gate. This structure was made, 
perhaps, larger than necessary to allow for 
any large shielding tanks within the build- 
ing or any unforeseen large-scale experi- 
ments. The building was put on the crest 
of a hill so that there would be no nearby 
habitation. This also permits the possi 
bility of having the control house over the 
brow of the hill in a tunnel, putting a 
hundred feet of earth or more for radiation 
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shielding between the operators and the 
cyclotron. A closer control house will be 
possible if the radiation produced proves 
to be absorbed chiefly by feasible thick- 
nesses (say 25 feet) of water tanks. The 
building is a large dome-shaped structure 
which gives it the appearance of an ob- 
servatory. Also, the size is somewhat the 
same as that needed for the giant telescope. 
It is an interesting commentary on the ex- 
tent to which man is investigating his uni- 
verse that in one instance he builds a huge 
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observatory and instrument to look out 
into the vast realms of space at things 
millions and millions of times larger than 
himself, whereas in another he constructs a 
giant laboratory and apparatus for the pur- 
pose of looking into the most infinitesimal 
realms, millions and millions of times 
smaller than he. 
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The Use of Radioactive Tracers in Biology and Medicine’ 


JOSEPH G. HAMILTON, M.D. 
Crocker Radiation Laboratory, University of California, Berkeley, Calif. 


work in the biological sciences has 
been devoted to the study of the metabo- 
lism of organisms ranging in complexity 
from bacteria to man and embracing the 
more important members of the plant and 
animal kingdoms. Until the discovery of 
artificial radioactivity by Curie and Joliot 
in 1934 (1), the only method for studying 
the mechanisms whereby the various ele- 
ments and compounds essential for life 
are assimilated, distributed throughout 
the tissues, converted into other com- 
pounds, and finally eliminated, was by a 
direct chemical approach to these prob- 
lems. This mode of attack, although very 
productive of information, suffers from 
several serious limitations. First, in order 
to observe the manner by which a living 
organism metabolizes an element, as, for 
example, potassium, it is necessary to 
administer enough so that a detectable 
increase in the amount in the body will be 
produced. This axiom applies to most of 
the elements and compounds that are 
normal constituents of biological systems. 
Normally, the content of these substances 
is kept in most instances within relatively 
narrow limits by the body and for this 
reason it is necessary to administer a 
sufficient quantity of the element or com- 
pound to disturb this carefully regulated 
balance if fluctuations are to be produced 
that are large enough to be accurately de- 
termined by analytical chemical technics. 
It is obvious that such procedures will fre- 
quently disturb the normal chemical and 
physiological processes of the organism, and 
the experimental data thus obtained may 
not present a true picture of the normal 
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metabolism of the substances that are 
being studied. Second, it is not possible 
by chemical procedures to differentiate 
between the atoms or molecules of the 
administered material and those that are 
already present in the tissues of the plant 
or animal. For example, the increase in 
excretion of phosphorus by an animal 
following the administration of this ele- 
ment is made up in part by the phos- 
phorus atoms already in the body, which 
were displaced by the administered ele- 
ment, and in part by a portion of the 
phosphorus given to the animal. The 
classical procedures of chemistry and 
physics do not permit the investigator 
to determine what proportion of the phos- 
phorus atoms in the excreta came from 
the administered material and the fraction 
that was displaced from the pre-existing 
phosphorus in the tissues. This limitation 
applies to all metabolic investigations in 
which the elements or compounds are 
constituents of the organism that is being 
studied. 

The first attempt to circumvent these 
limitations was made by Hevesy in 1923 
(2), when he employed a radioactive iso- 
tope of lead (radium D) to investigate the 
metabolism of that element in plants. 
His procedure made it possible to measure 
quantitatively the uptake and distribution 
of the administered lead by determining 
the radioactivity of the different portions 
of the plant. Due to the fact that de- 
tection of radio-lead by its radioactivity 
is more than a million times more sensitive 
than the ordinary chemical and physical 
methods for its determination, it was 
possible to study the metabolism of this 
element in such minute quantities that its 
toxic effects were avoided. Later, similar 
investigations were undertaken with radio- 
bismuth (radium E). The applications of 
this technic were of limited value at that 
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time, as lead and bismuth are not normal 
constituents of biological systems. The 
discovery of artificial radioactivity by 
Curie and Joliot (1) and the development 
of the cyclotron by Lawrence and his 
associates (3) have resulted in the prepara- 
tion and identification of radioactive iso- 
topes of all of the stable elements. These 
momentous developments have given the 
biologist probably the most useful tool 
for research since the discovery of the 
microscope, because almost all of the 
elements and compounds present in bio- 
logical systems can be “‘tagged’’ with the 
aid of artificial radio-elements and their 
course in living structures directly studied. 

Chiewitz and Hevesy were the first in- 
vestigators to employ the new tool of 
artificial radioactivity for biological re- 
search (4), and their initial studies were 
devoted to the investigation of the metabo- 
lism of phosphorus in rats, with the aid 
of a radioactive isotope of that element. 
Although only seven years have elapsed 
since their first experiments with radio- 
phosphorus, artificial radioactivity has 
been applied as a tool in practically all of 
the biological sciences and the radioactive 
isotopes of twenty-one elements have 
already been employed in these various 
fields of investigation as tracers for meta- 
bolic studies. The amount of new and 
significant information which has been 
secured from the applications of this new 
technic to biological research is too exten- 
sive to be encompassed in a single article. 
Instead, an attempt will be made to de- 
scribe the different technics that are used 
and a few examples of the biological 
applications will be presented. 

The fundamental postulate upon which 
rests the value of the artificial radio- 
elements as tracers is the fact that the 
radioactive isotope of a stable element 
differs only in its property of radio- 
activity; the chemical and physiological 


properties of the two forms of the element 
are identical so long as the radiations from 
the radioactive isotope are not sufficiently 
intense to produce physiological changes. 
This limiting factor is not of consequence 
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in tracer studies, since the amounts of 
radioactive material needed for this type 
of investigation are far too minute to 
produce any chemical or physiological 
changes by the action of their radiations. 
Three general technics have been de- 
veloped for the use of the radioactive iso- 
topes of stable elements as tracers in the 
biological sciences. First, the assimilation 
of the administered radio-element, its 
distribution in the tissues, its conversion 
into other compounds by the body, and 
finally its elimination may be followed 
quantitatively by direct measurement of 
the radioactivity of samples of tissues 
after their removal from the body. Sec- 
ondly, the selective accumulation of the 
radioactive isotopes of several elements 
may be observed in the organs and tissues 
of the intact animal by measurement of 
the radioactivity of these structures im situ. 
Thirdly, distribution of the accumulated 
radio-element in tissues may be studied 
with the aid of photographic films. 
The first technic is the most widely 
employed at present and is applicable to 
all the radio-elements. The radioactive 
isotope is usually given in the form of a 
simple inorganic compound. For example, 
radio-sodium usually is administered as 
sodium chloride, radio-phosphorus as di- 
sodium phosphate, radio-iodine as sodium 
iodide, and so forth. The distribution of 
the labelled elements in the body may be 
followed as the total content of the ad- 
ministered radio-element in the various 
tissues; it usually is expressed as the per 
cent of the administered dose accumulated 
per gram of tissue. The rates of conversion 
of the administered radio-elements into 
various complex compounds by the physi- 
ological processes of the body may be 
observed. The synthesis of hemoglobin 
from iron, of phospholipids and nucleo- 
proteins from inorganic phosphates, and of 
thyroxine from iodine—all have been 
studied with the aid of radioactive tracers. 
In experiments of this type the compound 
is isolated from the tissue and its radio- 
activity is compared with the total amount 
of radio-element originally administered. 
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Complex organic compounds may be 
labelled for tracer studies by the inclusion 
of radioactive atoms in the molecules. 
For example, thiamin (vitamin B,) has 
been tagged by synthesizing it from radio- 
sulfur. The labelled thiamin is then given 
to the animal and its fate in the body is 
followed by measuring the distribution 
of the radioactivity from the radio-sulfur 
in the tissues, body fluids, and excreta. 
By this procedure, the conversion by the 
body of the labelled compound into other 
compounds can be followed. 

The second general technic makes use 
of the ability of many artificial radio- 
elements to emit penetrating gamma rays 
which pass through many centimeters of 
tissue without significant absorption and 
which can be measured at a considerable 
distance from the site of origin. The 
presence of the accumulated radio-element 
in a particular organ is detected by placing 
a suitable measuring device, such as a 
Geiger counter tube, over it and measuring 
the intensity of the gamma rays emitted 
from the radioactive atoms which have 
been stored selectively in the tissue. This 
technic is illustrated in the study of the 
iodine metabolism of the thyroid gland in 
normal and goitrous human _ subjects. 
The selective deposition of the admin- 
istered radio-iodine by the thyroid is 
determined by placing a Geiger counter 
tube over the neck and measuring the 
intensity of the gamma rays emitted from 
the radio-iodine accumulated in the thy- 
roid tissue. Since by this method the 
necessity of removing tissue for deter- 
mination of its radioactivity is eliminated, 
it offers two distinct advantages. First, 
it enables the observer to follow the ebb 
and flow of the labelled element or com- 
pound in the same human subject or animal 
for a considerable period of time. The 
results thus obtained give a continuous 
record of the fate of the accumulated 
radioactive atoms or molecules. Secondly, 
it makes possible in vivo tracer studies in 
normal human subjects. 

The third technic makes use of the 
photographic action of the radiations from 


artificial radio-elements, by means of 
which the distribution of the administered 
labelled elements or compounds in tissues 
may be investigated. Thin sections of the 
radioactive tissues are placed against 
photographic films. After an interval of 
time sufficient for adequate exposure, the 
film is removed and developed. The 
sections are stained, and each section with 
its corresponding piece of developed film 
(radio-autograph) is examined under the 
microscope. The areas of darkening in the 
film correspond to the regions of the 
tissues in which the greatest deposition of 
the radio-element has taken place. Thus 
a correlation between the deposition of the 
labelled element or compound and the 
histological structure of the tissue can be 
established. 


PHOSPHORUS 


The absorption of phosphorus in experi- 
mental animals and in man has been 
studied with the aid of radio-phosphorus 
by Hevesy and his co-workers (4, 5, 6), 
Lawrence and his associates (7, 8), and 
Cohn and Greenberg (9). These in- 
vestigators found that inorganic phos- 
phates were efficiently absorbed from the 
digestive tracts of both animal and man. 
Usually less than 30 per cent of the ad- 
ministered phosphate escaped assimilation 
when the labelled phosphorus was given 
to subjects in the fasting state. The 
administration of either glucose or neutral 
fat with the phosphate slightly enhanced 
its absorption. The intravenous adminis- 
tration to normal human subjects of di- 
sodium phosphate which had been tagged 
with radio-phosphorus was followed by 
the elimination of from 4 to 23 per cent 
of the labelled phosphorus during the 
first twenty-four hours after the experi- 
ments. Thereafter, the rate of excretion 
fell rapidly and after the third day its 
daily value was less than 1 per cent. The 
kidneys were the chief channel of elimina- 
tion, but the digestive tract accounted for 
approximately 10 per cent of the tagged 
phosphorus that left the body. When the 
labelled phosphorus was given by mouth 
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to human subjects and to experimental 
animals, from 10 to 40 per cent of the 
administered dose escaped assimilation 
and was eliminated in the feces. The 
excretory pattern of the assimilated phos- 
phorus was essentially the same as that of 
the phosphorus administered by vein. 
When the tagged phosphorus was given 
orally, however, approximately 25 per 
cent of it was lost because of the failure of 
the body to assimilate it completely. 





LYMPHOMA 
T LYMPHOSARCOMA 


Mm MANE INOMA 





Be 


PERCENT PER GRAM TISSUE 


w 











© 10 20 30 40 50 60 70 80 90 
HOURS AFTER P# ADMINISTRATION 


Fig. 1. Distribution of labelled phos- 
phorus in normal and neoplastic tissues of 
mice. 


The distribution of phosphorus in animal 
tissue has been extensively studied by the 
workers listed in the preceding paragraph 
as well as by many other investigators. 
Cohn and Greenberg (9) observed that the 
retention of a single dose of di-sodium 
phosphate which had been tagged with 
radio-phosphorus varied in different tissues 
per unit of fresh weight in the following 
decreasing order: bone, liver, stomach and 
small intestine, heart, kidneys, lungs, 
blood, muscle, skin, and brain. All these 
tissues, with the exception of the brain, 
showed a rapid uptake during the first ten 
hours after administration, followed by a 
prolonged and steadily diminishing loss. 
In the brain a very gradual and prolonged 
uptake was followed by a very slow release 
of the accumulated labelled phosphorus. 
This finding was interpreted to indicate 
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that the turnover of phosphorus in the 
brain is much more gradual than that in 
the other tissues included in this series, 
These studies were repeated by Jones 
et al. (10, 11), who compared the uptake 
of labelled phosphorus in normal animal 
tissues and in experimental tumors. The 
results of these experiments are sum- 
marized in the curves shown in Figure 1. 
Significant information has been secured 
from this study and from other experi- 
ments on normal and tumor tissue. Ac. 
cordingly, the degree of uptake of phos- 
phorus by each tissue apparently is de- 
pendent upon three factors: first, the total 
phosphorus content of the tissue; secondly, 
its rate of turnover in the tissue; thirdly, 
the laying down of new tissue. 

The relatively great accumulation of 
administered radio-phosphorus in bone, 
which is composed largely of calcium phos- 
phate, is an example of the first factor. 
The effect of the rate of turnover of 
phosphorus in tissue upon the uptake of a 
single dose of labelled phosphorus is 


clearly illustrated in the marked difference 
between the accumulation of radio-phos- 


phorus in liver and in brain. The total 
content of phosphorus in these two tissues 
is similar, while the uptake of labelled 
phosphorus differs enormously. The rela- 
tively low uptake in brain tissue indicates 
that it has a much slower rate of phos- 
phorus metabolism than such tissue as 
liver, kidney, and small intestine. Since 
in adult animals the total phosphorus 
content of these tissues remains constant 
within relatively narrow limits, the pres- 
ence of a high proportion of labelled 
phosphorus in a tissue such as the liver 
indicates that the rate of turnover of phos- 
phorus atoms between the cells of the liver 
and the blood stream is more rapid than 
in brain tissue. In other words, an atom 
of phosphorus remains within a cortical 
neuron for a much longer interval of time 
than in a hepatic cell. Many investigators 
have demonstrated that most of the 
labelled phosphorus taken into the different 
tissues is bound in firm organic combina- 
tion. Therefore, the varying rates of 
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phosphorus turnover apparently are a 
manifestation of the different speeds with 
which the cells of the body build up and 
break down the complex organic phos- 
phorus compounds that make up their 
internal structure. The third factor which 
influences the degree of uptake of phos- 
phorus is the rate of growth and develop- 
ment of new tissue. This phase of phos- 
phorus metabolism is illustrated by the 
data on tumor tissue shown in Figure 1. 
Similar observations have been made on 
neoplasms in man (12). In these in- 
stances the tumor cells constantly are 
multiplying and laying down new tissue. 
Another example of the effect of growth 
upon phosphorus metabolism is given in 
the study by Chaikoff and his co-workers 
(13) on the deposition of labelled phos- 
pholipids in the central nervous system of 
rats at various stages of development. 
The animals, ranging from newborn to 
fully developed, received a single dose of 
labelled di-sodium phosphate and were 
sacrificed twenty-four and forty-eight 
hours later. The different portions of the 
central nervous system were removed, and 
the radio-phosphorus content of the ex- 
tracted phospholipids was determined for 
each sample. The greatest deposition of 
radioactive phospholipids was found in the 
nerve tissue of the newborn animals. 
With increasing age of the animals, a 
precipitous decline in the labelled phos- 
pholipid content of the tissue occurred. 
This observation indicates that the rate 
of synthesis and laying down of phos- 
pholipids was greatest in the newborn 
animals and diminished as the tissues of 
the central nervous system approached 
maturity. The three factors which in- 
fluence the selective accumulation of radio- 
phosphorus operate in a similar manner 
when other elements are used. This 
relationship will be apparent again in the 
discussion of the selective uptake of other 
labelled elements in different tissues. 

The conversion of labelled inorganic 
phosphorus into organic phosphorus com- 
pounds was first studied by Hevesy and 
his associates (14) and by Artom and his 
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co-workers (15). These investigators dem- 
onstrated that phospholipids are rapidly 
formed in the body from administered 
inorganic phosphates. Artom and his 
group extracted the phospholipids from 
different organs of rats after the animals 
had received radio-phosphorus, and found 
that the phospholipids from the liver, 
kidneys, and small intestine had _ the 
maximum radioactivity, that those from 
the heart, lungs, spleen, pancreas, adre- 
nals, and testes had medium values, and 
that those from muscle and brain had the 
lowest values. These observations were 
interpreted to signify that the rates of 
synthesis of phospholipids varied in the 
different organs. Chaikoff and his col- 
leagues (16-19) not only confirmed these 
results in different animals but also demon- 
strated that synthesis of phospholipids 
takes place in vitro within slices of excised 
liver, kidney, and small intestine. Since 
adult animals were used in these experi- 
ments, the quantities of labelled phos- 
pholipids found in the different tissues 
probably were an expression of the varying 
rates of replacement of phospholipids in 
these structures. 

A comparison of the phosphorus metabo- 
lism of the tissues of normal and leu- 
kemic mice was made by Lawrence and 
his associates (20, 21). They administered 
a single dose of labelled phosphorus to 
each of a large group of normal and leu- 
kemic mice. The animals were sacrificed 
at varying intervals and the content of 
both total and labelled phosphorus in the 
tissues was determined. Figure 2 indi- 
cates the retention of radio-phosphorus per 
gram of tissue. It will be seen that there 
is a striking difference between the accu- 
mulation of radio-phosphorus in normal 
and in leukemic lymph nodes and spleens. 
The slight differences apparent between the 
uptake of the labelled phosphorus in the 
normal and the leukemic bone were inter- 
preted as being due to the fact that the 
phosphorus metabolism of the marrow was 
masked by that of the bone. Normally 
bone has a high content of phosphorus and 
also the ability to accumulate relatively 
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Fig. 2. Distribution of radio-phosphorus in the tissues of normal and leukemic mice. 


large quantities of the administered 
labelled phosphorus. The total phos- 
phorus content of the corresponding organs 
in normal and leukemic animals did not 
present any significant variations. The 
greater accumulation of the labelled phos- 
phorus in the leukemic spleens and lymph 
nodes, although their total content was 
similar to that of the normal tissues, was 
interpreted as an indication of the rapid 
laying down of new tissue as well as of an 
increased metabolic activity of the pre- 
existing leukemic cells. 


A comparison of the rates of conversion 
of labelled inorganic phosphorus into phos- 
pholipids by normal tissues and by tumors 
in experimental animals was made by 
Jones, Chaikoff, and Lawrence (22, 23). 
They compared the rates of phospholipid 
synthesis in four different animal tumors 
(carcinoma, lymphoma, sarcoma 180, and 
lymphosarcoma) and found that each had a 
characteristic pattern of phospholipid de- 
position which was not related to cell type. 
In each instance, however, the rate of 
formation of the tagged phospholipids 
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Comparison of the rates of formation and distribution 


of the different organic phosphorus fractions in tumor tissue, and 


in normal and leukemic tissues. 


The ordinate indicates the per 


cent of the administered labelled di-sodium phosphate per gram of 
tissue which was converted into phospholipids, nucleoproteins, 


and the acid-soluble fraction. 


The abscissa represents the time in 


days following the administration of the radio-phosphorus, 


was rapid and in this respect resembled the 
phospholipid turnover of the more rapidly 
metabolizing tissues, such as the liver, 


kidney, and small intestine. In other 
experiments these investigators implanted 
three different types of tumors (mammary 
carcinoma, lymphoma, and lymphosar- 
coma) into a large group of mice and found 


that the characteristic rate of conversion 
of radio-phosphorus into labelled phos- 
pholipids was maintained for each type of 
tumor. They concluded that the phos- 
pholipid turnover of these three types of 
tumor apparently remained independent 
of the host. 

Later Tuttle e¢ al. (24) compared the 





Joseru G. HAMILTON 





Ps» UPTAKE 


ACTIVITY PER CM*® NUCLE/ AS FRACTION 
OF ACTIV/TY PER GM. TISSUE 


a a 
_— ee 

| / 
/ 


| LIVER 


° as TT T T T 

2128 1 2 3 4 5 

MOURS OayYs 
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phorus by the nuclei of liver cells from normal rats 
and the nuclei of tumor (lymphoma) cells in mice. 














distribution of labelled phosphorus in the 
acid-soluble, phospholipid, and nucleo- 
protein fractions of tissues of normal and 
leukemic animals. The tissues were re- 
moved at varying intervals following the 
administration of tagged di-sodium phos- 
phate. The different organic phosphorus 
fractions were extracted and their content 


of radio-phosphorus was determined. The 
results of these studies are shown in part 


in Figure 3. It will be seen that the 
nucleoprotein fraction from the tumor 
cells and from leukemic tissues contained 
considerably more radio-phosphorus than 
did the normal structures. These re- 
sults were interpreted as indicating that 
nucleoproteins were synthesized from the 
assimilated inorganic phosphorus at a 
more rapid rate by the leukemic and tumor 
cells than by normal tissues. 

The réle of phosphorus in the metabo- 
lism of normal and malignant tissues 
also has been demonstrated by Marshak 
(25, 26), who devised a technic for the 
separation of nuclei from cytoplasm. He 
employed this procedure to determine the 
relative uptake of the administered in- 
organic radio-phosphorus in the nuclei 
and cytoplasm of normal and malignant 
cells (lymphoma, sarcoma 180, and car- 
cinoma 256). These studies revealed not 
only that the nuclei of the malignant cells 
accumulated more of the labelled phos- 
phorus than those of the normal cells, but 
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also that the relative proportion of the 
administered phosphorus in the nuclei as 
compared to that in the cytoplasm was 
much greater in the malignant than in the 
normal cells (Fig. 4). The metabolic 
pattern of malignant cells was not re- 
stricted to neoplastic tissues but was found 
as well in rapidly multiplying normal cells, 
A comparison of the uptake of labelled 
phosphorus in the nuclei of malignant 
cells and of rapidly regenerating liver cells 
in animals from whom a large part of the 
liver had been removed revealed that the 
phosphorus uptake by the nuclei of these 
two very different types of cells was essen- 
tially the same. From these observations 
the authors concluded that the variations 
in phosphorus metabolism of nuclei are 
dependent, at least in part, upon the rate 
of cell multiplication and are not a peculi- 
arity of malignancy per se. It has been 
calculated from the observed rate of radio- 
phosphorus uptake by the nuclei of the 
lymphoma that an average of fifty-two 
hours was required for the formation of a 
new lymphoma nucleus. This value is in 
close agreement with the observed rate of 
growth of the tumor. Moreover, it has 
been calculated from these data that in the 
lymphoma nucleus approximately 3 X 10* 
molecules of tetranucleotide were synthe- 
sized per second. The localization of 
radio-phosphorus in the nuclei of rapidly 
multiplying cells is of potential thera- 
peutic significance, since this phenomenon 
suggests the possibility of the selective 
irradiation of that portion of the cell which 
plays a dominant réle in multiplication 
and other cellular functions. 

The accumulation of labelled phosphorus 
in the tissues of patients suffering from 
different types of leukemia has been 
studied by Lawrence and his co-workers 
(7, 8, 12, 27, 28). In all these investiga- 
tions the radio-phosphorus was adminis- 
tered either orally or by vein in the form 
of di-sodium phosphate. They demon- 
strated that in human leukemia radio- 
phosphorus was selectively accumulated 
in the leukocytes rather than in the eryth- 
rocytes and plasma. The curves in 
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Figure 5 indicate the variations in labelled 

hosphorus uptake in the components of 
leukemic blood. The distribution of radio- 
phosphorus in material obtained at au- 
topsy of leukemic patients indicated that 
selective localization took place in the 
bones and bone marrow. The content 
of labelled phosphorus in tissues infiltrated 
by leukemic cells was as high or higher 
than the uptake in uninvaded tissue which 
normally metabolizes phosphorus rapidly. 
A direct comparison of normal and leuke- 
mic tissues in human beings is, of course, 
not possible; but according to data from 
animal and clinical studies it appears 
probable that the pattern of selective 
accumulation of radio-phosphorus in the 
infiltrated tissues of patients with leukemia 
is similar to that observed in leukemic 
animals. 

Scott and Cook (29), studying the effect 
of large doses of radio-phosphorus upon 
the cells of the circulating blood in chicks, 
observed a slight but definite decrease in 
the polymorphonuclear leukocytes of the 
blood. Their results indicated the effect 
of the irradiation from the selectively 
accumulated radio-phosphorus upon the 
bone marrow. Similar studies were con- 
ducted by Scott and Lawrence (30), in 
order to obtain additional information 
regarding the effect of radio-phosphorus 
upon the cellular elements of the blood 
when lethal and sublethal doses were 
employed. Four young monkeys (Macacus 
rhesus) were used in these experiments. 
The radio-phosphorus was administered 
intraperitoneally in the form of a sterile 
isotonic solution of di-sodium phosphate. 
Complete blood counts were taken before 
the administration and at frequent in- 
tervals thereafter. The doses employed 
were ().45, 0.71, 0.76, and 1.04 millicuries 
per pound of body weight. A marked 
depression of the number of leukocytes 
in the blood was noted in all four animals. 
The maximum effect took place at from 
two to four weeks after the radio-phos- 
phorus had been given. The relative 
changes in the numbers of lymphocytes 
and granulocytes were similar. Also a 
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Fig. 5. Distribution of radio-phosphorus in leu- 
kemic blood, showing the relatively greater uptake of 
the labelled phosphorus in the leukocytes as com- 
pared to the erythrocytes and plasma. 


reduction in the number of erythrocytes 
was observed, although it was considerably 
less pronounced. The animal that had 
received 0.45 millicurie per pound was 
sacrificed at the end of four weeks. No 
gross abnormalities of the tissues were 
seen. The monkey which had received 
1.04 millicuries per pound died forty-seven 
days later. Marked hemorrhagic changes 
in the marrow as well as hemorrhagic 
areas under the skin and in the intestinal 
tract were noted. The remaining two 
animals, which had received 0.71 and 0.76 
millicuries per pound of body weight, 
respectively, survived. At the end of 
approximately one year after the adminis- 
tration of the radio-phosphorus, they were 
apparently normal in every respect. Their 
blood pictures approached the normal 
pattern three months after the adminis- 
tration of radio-phosphorus and at the 
end of a year they were essentially the 
same as they had been at the beginning of 
the experiments. 

The logical development of the investi- 
gative work with radio-phosphorus de- 
scribed in the preceding paragraphs was 
the therapeutic application of radio-phos- 
phorus in the treatment of leukemia and 
allied diseases such as polycythemia vera, 
multiple myeloma, and metastatic cancer 
(7, 31, 32). This report does not under- 
take to evaluate the efficacy of the clinical 
therapeutic procedures but according to 
information thus far available radio-phos- 
phorus is at least as effective as x-ray in 
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Fig. 6. Radio-autographs of the distribution of radio-phosphorus in the fruit 
and leaves of the tomato plant, the light areas being the regions where the great- 
est accumulation of radio-phosphorus took place. 

The fruit at various stages of development was removed from a plant other than 
the one whose leaves are shown, nine days after the administration of radio-phos- 
phorus. The vertical column at the left represents the radio-autographs from 
small green fruit, the lower three horizontal rows were taken from sections of a 
large green fruit, and the upper two rows represent sections from a fully ripe fruit. 
The intensity of the images is proportional to the concentration of the radio-phos- 
phorus accumulated in the different samples of fruit since this was all taken from 
the same plant at the same time. 

The leaves were removed from the plant thirty-six hours after the introduction 
of the labelled phosphate into the nutrient solution. (Courtesy of Doctor Perry 
Stout, University of California.) 


the treatment of chronic myelogenous in this respect is definitely superior to 
leukemia, chronic lymphatic leukemia, and x-ray therapy. 

polycythemia vera. The administration Stout and his co-workers (33) have 
of radio-phosphorus to leukemic patients followed the metabolism of inorganic phos- 
is not attended by radiation sickness and phates in the leaves and fruit of the 








r 1942 














Vol. 39 


tomato plant by use of radio-phosphorus 
and the technic of radio-autography. 
These workers administered the radio- 
phosphorus to roots of the plants as 
di-sodium phosphate and after a period 
of several days removed the leaves and 
fruit. The leaves and thin slices of the 
fruit were placed on photographic films 
and left together for a sufficient interval of 
time to allow the radio-phosphorus beta 
rays to leave images of the distribution of 
the accumulated labelled phosphorus in 
the specimens. The  radio-autographs 
shown in Figure 6 indicate that the 
assimilated phosphorus was accumulated 
in the conduction system of the leaves and 
in the seeds of the green fruit. The ripe 
fruit can be seen to have accumulated 
small traces of the administered phosphate, 
but in this instance no detectable storage 
took place in the seeds, which suggests 
that in the ripe fruit the development of 
the seeds had been completed before the 
radio-phosphorus was given. 

These workers have employed radio- 
phosphorus to study the mechanism of the 
upward movement of inorganic ions in 
cotton, willow, and geranium plants (34). 
Following the administration of the 
labelled phosphate to the roots of the 
plants the bark was carefully detached 
from the wood and held away from it with 
the aid of small strips of waxed paper. 
When it had been demonstrated that a 
considerable fraction of the radio-phos- 
phorus had moved from the roots to the 
aerial parts of the plant above the region 
where the bark had been detached, the 
plants were harvested and the stripped 
section of bark and underlying wood were 
examined for radioactivity. It was found 
that there was very little radio-phosphorus 
in the detached portions of the bark, while 
the wood directly beneath had as much as 
two thousand times more. The bark 
nearby, which had not been separated from 
the wood, had about the same content of 
the labelled phosphorus as did the wood. 
Similar results were observed when radio- 
active isotopes of sodium, potassium, and 
bromine were employed in these studies. 
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Fig.7. Radio-autograph showing the capacity of the 
intact leaf to absorb labelled di-sodium phosphate and 
the circulation of the absorbed phosphate into adjacent 
leaves. The dotted lines indicate the outlines of the 
leaves. The white area at the left is the region where 
the solution containing the radio-phosphorus was 
painted on the leaf. The light streaks passing down the 
central axes of the leaves represent the path of circula- 
tion of the absorbed phosphate. 


The results of these investigations indicate 
that both the anions and cations of salts 
assimilated by plant roots are normally 
transported to the aerial portions of the 
plants by way of the wood. Furthermore, 
such studies have demonstrated that the 
cells of the bark draw their mineral 
nutrients from the conducting vessels in 
the wood. 

Stout and his associates (35) have con- 
clusively demonstrated that assimilated 
phosphorus can move downward as well 
as upward in the aerial portion of the 
tomato plant. This was shown by growing 
roots on the aerial portion of the stem 
midway between the top of the plant and 
the normal root structure. These side 


roots were introduced into a nutrient 
solution’ containing radio-phosphorus as 
di-sodium phosphate and after several 
hours the side roots were excised. The 
various portions of the plant above and 
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Fig. 8. Photomicrograph of a longitudinal section 
and its corresponding radio-autograph from a wax moth 
larva, in the region of the mid intestine. The radio- 
autograph shows the distribution of the labelled phos- 
phorus in the tissues of the insect, with selective depo- 
sition in the walls of the digestive tract, the silk glands, 
and the ducts of the silk glands, indicating that these 
organs were in a stage of rapid development, with a high 
demand for administered phosphorus. 


below the side roots were examined for 
radio-phosphorus and it was found that a 


small but readily measurable portion of 
the assimilated phosphate had moved in 
the downward direction and had even 
entered the normal root structure and the 
nutrient solution at the base of the plant. 
This phenomenon of downward movement 
of minerals in plants was also demon- 
strated by these workers in another experi- 
ment (36). In this instance a few drops 
of di-sodium phosphate solution containing 
radio-phosphorus were painted on the sur- 
face of a willow leaf. After several days 
the leaf and those adjacent to it were 
removed from the plant and the distri- 
bution of the labelled phosphorus demon- 
strated by the radio-autographic technic. 
In Figure 7 the white area to the left is due 
to the large content of radio-phosphorus 
at the point where the solution was painted 
on the leaf. The dotted lines indicate the 
outlines of the leaves and the light streaks 
passing through the central axes of the 
leaves represent the tagged phosphorus 
which was absorbed through the intact 
surface of the leaf and spread to all direc- 
tions from that point. 
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The metabolic processes of insects have 
been poorly understood because of the 
minute size of the organs, which has made 
it difficult to study their functions by 
direct biochemical methods. Radioactive 
tracers can be employed as an approach 
to this problem since the tracer technics 
are so much more sensitive than any of the 
classical chemical analytic procedures. In 
many instances the complete and quanti- 
tative collection of the excretory products 
and the dissection of the organs in the 
smaller insects are very difficult. For 
this reason radio-autography appears to be 
a very promising investigative method in 
this field. The tagged element or com- 
pound can be administered either orally 
or parenterally and subsequently the in- 
sects can be sacrificed and sections of the 
tissues prepared from which radio-auto- 
graphs are made. Craig (37) was the 
first investigator in the field to employ 
this technic and Figure 8 will serve as an 
example of the type of results which can 
be secured from this approach to the 
problems of insect metabolism. In this 
particular experiment radio-phosphorus 
was administered two weeks before the 
insects were sacrificed. The insects used 
were the larvae of a small silk-producing 
moth and the longitudinal section shown 
in Figure 8 was taken from the central 
portion of the larva, which is about 3 
mm. in diameter. The corresponding 
radio-autograph indicates that the phos- 
phorus was selectively accumulated in the 
walls of the digestive tract, silk glands, 
and ducts of the silk glands. The selective 
deposition of the labelled phosphorus in 
these areas indicates that these organs were 
developing rapidly and hence had a greater 
demand for the administered phosphate. 
The applications of tracer technic with 
the aid of artificial radioactivity to the 
problem of development of more effective 
insecticides is of considerable importance, 
since it will be possible to tag various 
compounds employed in pest control and 
observe directly the localization of these 
substances in insect tissues. 
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IODINE 
The thyroid gland is unique in that it 
has the ability to accumulate iodine 


selectively in relatively large quantities. 
This property is particularly striking be- 
cause the iodine content of the blood 


Fig. 9. 
iodine by the thyroid gland im situ. 


Technic employed for the 
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certain elements, but none approaches the 
capacity of the thyroid. It is not sur- 
prising, therefore that radio-iodine was 
accepted eagerly as a new research tool by 
thyroid physiologists. 

Hertz and his associates (38, 39) first 





measurement of the uptake of radio- 


The counter tube was placed against 


the thyroid gland to determine the gamma radiation from the accumu- 


lated radio-iodine. 


averages less than one part in ten million 
while the thyroid normally contains ap- 
proximately one part in a_ thousand. 
Therefore, the thyroid can concentrate 
the iodine it receives from the blood by a 
factor of ten thousand. Many organs are 
capable of the selective deposition of 


demonstrated the rapidity with which 
iodine is accumulated in the thyroid by the 
aid of radio-iodine. In their initial experi- 
ments they found significant accumulation 
of iodine in the thyroids of rabbits within 
a few minutes after the administration of 


the tagged element. Moreover, they 
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noted that the uptake was much greater 
in the thyroids of animals with hyper- 
thyroidism. 

These observations were confirmed in 
patients with hyperthyroidism by Hamil- 
ton and Soley (40, 41). They compared 
the uptake of labelled iodine by the 
thyroids of normal controls and of patients 
with various types of thyroid disease, in 
situ. This was accomplished by measuring 
the gamma rays from the atoms of radio- 
iodine that had been accumulated in the 
thyroid. A solution containing from 24 
to 100 microcuries of radio-iodine and a 
total of 14 mg. of iodine in the form of 
sodium iodide was administered orally to 
each subject. None of the patients and 
normal controls had received iodine before 
the labelled substance was given, and no 
additional iodine was administered until 
the experiments were concluded. The 
radioactivity of the thyroid of each subject 
was determined by placing a Geiger 


counter tube against the neck and directly 
over the isthmus of the gland, as is shown 


in Figure 9. Frequent determinations of 
the labelled iodine content of the thyroids 
were made over varying periods of time 
ranging from five days to four weeks. The 
radioactivity of each thyroid im situ was 
compared to the radio-iodine content of 
a fraction of the sample given to the sub- 
jects. From these data the proportion of 
the administered dose taken up by the 
thyroid was calculated. 

Normal controls and patients with 
hyperthyroidism, non-toxic goiter, and 
hypothyroidism were studied by the aid 
of this technic. The results of these 
experiments are summarized in Figure 10. 
The ordinate indicates the percentage of 
uptake of the administered iodine by the 
thyroids, and the abscissa represents the 
time in days after the labelled iodine had 
been given. The uptake curves illustrate 
the characteristic pattern of iodine accu- 
mulation by the thyroids of the four 
clinical types included in this series. The 
relatively large uptake of labelled iodine 
by the thyroids of patients with non-toxic 
goiter as compared to the normal controls 
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may be attributed in part to the apparent 
need for additional iodine by goiters of 
this type. The form of the uptake curves 
suggests that the mechanisms of iodine 
accumulation and storage by the thyroids 
were similar in these two groups. The 
prompt accumulation of labelled iodine 
by the thyroids of patients with hyper- 
thyroidism was followed by a rapid loss 
of from one-half to four-fifths of the iodine 
which had been taken up during the first 
few hours of the experiments. These 
results were interpreted as indicating not 
only that the hyperactive thyroid cells 
had a marked avidity for the accumulation 
of iodine, but also that the mechanism for 
the retention of the recently deposited 
iodine had been altered. The small uptake 
of iodine by the thyroids of patients with 
hypothyroidism may be explained by the 
fact that the thyroid tissue was unable to 
supply a sufficient amount of the thyroid 
hormone to meet metabolic requirements; 
in other words, the failure of these thyroids 
to accumulate iodine apparently was re- 
lated to their inability to synthesize the 
thyroid hormone. 

These experiments were repeated (42) 
with a smaller group of patients and normal 
controls under the same conditions with 
the exception that each subject received 
a test dose which contained a total of 
approximately (0.1 microgram of iodine. 
The uptake curves for this group are shown 
in Figure 11. A marked increase in uptake 
occurred in all four clinical types. This 
result was expected since the total iodine 
content of the thyroid is relatively small 
and its capacity to accumulate large 
amounts of iodine obviously is limited. 
In patients with hyperthyroidism the up- 
take curves failed to repeat the form they 
took in the previous study. 

The increased uptake of radio-iodine in 
all groups in which the smaller dose of 
iodine was used emphasizes the importance 
of avoiding the dilution of the radio- 
element with the stable form of the element 
when it is desirable to prevent the physi- 
ological action of flooding the tissues with 
the administered material. The results 
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Figs. 10 and 11. Uptake of radio-iodine by the intact thyroid glands of normal human subjects and of 
patients with different types of thyroid disorders. 
In the experiment shown in Figure 10 (above), each subject received 14 mg. of iodine as sodium iodide 
which was labelled with radio-iodine 
In the experiment represented by Figure 11 (below), each subject received a total of only 0.1 of a micro- 
gram of iodine as sodium iodide which was labelled with radio-iodine 
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of these experiments revealed two effects 
when the smaller test dose of iodine was 
employed: first, the uptake was remark- 
ably elevated; secondly, the metabolic 
pattern was entirely different in the group 
of patients with hyperthyroidism. The 
larger test dose of iodine was employed 
in the first series because it was deemed 
necessary to compare the iodine metabo- 
lism of the thyroid in different clinical 
states under these experimental conditions, 
since iodine is extensively used in the 
treatment of both endemic goiter and 
hyperthyroidism. 
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received the 14-mg. test dose. The sample 
of removed tissue, which was composed of 
both normal and malignant thyroid tissue, 
weighed 204 gm. and had taken up 0.39 
per cent of the administered iodine. This 
is 0.0019 per cent uptake per gram of 
tissue and is similar to the values obtained 
in the dissected cancers. In the patient 
who had received the 0.1-microgram test 
dose, likewise the cancer could not be 
separated from the normal thyroid tissue. 
A comparison of the uptake of radio- 
iodine in normal and cancerous regions of 
the gland by radio-autography revealed 


- 
TaBLE I: Rap10-IopINE UPTAKE OF THE THYROIDS AND OF TUMOR TISSUE IN 2 PATIENTS WITH CARCINOMA OF 
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Carcinoma of Thyroid 
Thyroid tissue 
B. Cancerous tissue 
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A. Normal thyroid tissue 
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<0.002 


4. 


5 
0.2 








A study of the localization of radio- 
iodine in cancerous thyroid tissue has been 
limited to four cases, in none of which a 
significant deposition of the labelled iodine 
in the malignant areas of the thyroid 
occurred (42). Three of these patients 
received the 14-mg. test dose of labelled 
iodine and the fourth was given the 0.1- 
microgram test dose. The thyroids were 
removed two days after the administration 
of the tagged iodine. It was possible to 
dissect the cancerous portions from the 
invaded areas in two of the patients who 
had received the 14-mg. test dose. The 
total iodine content and the proportion of 
the accumulated labelled iodine were deter- 
mined in these samples. The results are 
summarized in Table I. These data indi- 
cate that the malignant portions of the 
thyroid had no significant capacity either 
to take up or to retain iodine. The cancer 
could not be dissected from the uninvaded 
thyroid tissue in the third patient who had 


that the malignant areas took up very 
little of the labelled iodine. 

The technic of radio-autography has 
lent itself readily to the investigation of 
the relationship between the distribution 
of recently accumulated iodine and the 
histologic structure of the thyroid tissue 
(43). The distribution of the accumulated 
radio-iodine in thyroid tissue was studied 
in the following manner. A solution of 
from 100 to 1,000 microcuries of radio- 
iodine containing 14 mg. of iodine as 
sodium iodide was administered by mouth 
to patients whose thyroid glands were 
removed two days later. The thyroid 
tissue was ‘‘fixed”’ in a 10 per cent solution 
of formaldehyde for twenty-four hours and 
embedded in paraffin. Thin sections of the 
impregnated thyroid tissue were cut with 
the aid of a microtome, and the cut 
sections, which ranged from 3 to 5 microns 
in thickness, were mounted on large glass 
slides. The mounted sections were washed 
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Fig. 12 (above). 
(X60). 


Photomicrograph of a section of normal thyroid tissue and its radio-autograph 
As in Figures 13, 14, and 15, the areas of darkening of the radio-autograph represent the 


regions of greatest accumulation of radio-iodine in the accompanying section of thyroid tissue. 


Fig. 13 (below). 
autograph (Xx 120). 
ing acini are devoid of colloid. 
radio-iodine was stored in the colloid. 


with xylene to dissolve out the paraffin 
and then were dipped in a dilute solution of 


collodion and set on edge to dry. By this 
technic all the paraffin was removed and 
the sections were left protected by a film 
of collodion approximately 1 micron in 
thickness. The prepared sections were 
placed on Agfa no-screen x-ray film and 
were held in close contact with the film 
by means of a small press. After a suit- 
able period of exposure? the films were 
removed and developed, and the sections 
were stained with hematoxylin and eosin. 
The histological structure of each section 
and its corresponding radio-autograph were 
compared under a microscope. The areas 

* Satisfactory radio-autographs usually may be ob- 
tained from sections of plant and animal tissue which 
contain a sufficient number of radioactive atoms so that 
a total of 2 X 10% beta particles per square centimeter 
will strike the film during the exposure. This value is 
for radio-elements which emit beta particles with an 
average energy in excess of 150 Kev. The period of 
exposure, of course, depends upon the strength of the 
sample, which in turn determines the interval of time 


required to obtain the necessary number of beta 
Particles. 


Photomicrograph from a section of hyperplastic thyroid tissue and its radio- 
The large grayish areas in the section on the left represent colloid ; the remain- 
The radio-autograph indicates that most of the accumulated 


of darkening on the radio-autographs 
represented the regions in the sections in 
which the greatest accumulation of the 
labelled iodine had taken place. Typical 
sections of normal thyroid tissue, non- 
toxic goiter, thyroid hyperplasia, and 
cancer of the thyroid are shown in Figures 
12, 13, 14, and 15. 

Figure 12 was secured from a sample of 
normal thyroid tissue; the radio-auto- 
graph indicates that the accumulated 
radio-iodine was evenly distributed 
throughout the section. The degree of 
resolution of the radio-autograph was not 
sufficient to distinguish the cells indi- 
vidually, but apparently the difference 
between the amount of tagged iodine in 
the cells and in the colloid was slight. 
The section shown in Figure 13 was ob- 
tained from hyperplastic thyroid tissue. 
The section reveals a marked degree of 
cellular activity and little colloid is present. 
The radio-autograph indicates that the 
small amount of remaining colloid had a 
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Fig. 14 (above). 
patient with a non-toxic goiter (X60). 


which had accumulated very little of the administered radio-iodine. 
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Photomicrograph of a section of thyroid tissue and its radio-autograph from a 
Here the acini are enlarged and distended with colloid 


The cells and small acini 


surrounding the large colloid deposits had a much greater ability to store the labelled iodine. 


Fig. 15 (below). 
cancer of the thyroid (X60). 
made up of cancerous thyroid tissue. 


much higher proportion of the accumulated 
radio-iodine than the cells of the adjacent 


acini. This suggests that when a marked 
degree of thyroid hyperplasia takes place, 
part of the iodine accumulated in the 
thyroid cells moves rapidly into the colloid 
while the remainder is returned by the 
cells into the blood stream. Figure 14 
shows section and radio-autograph from 
a patient with a non-toxic goiter. The 
accumulated radio-iodine in this instance 
was stored predominantly in the cells and 
small acini which surround the larger 
acini. Figure 15 shows the difference 
between the deposition of iodine in rel- 
atively normal thyroid tissue and in 
cancerous tissue. The obvious absence 
of appreciable radio-iodine in the neo- 
plastic areas indicates that in this instance 
the thyroid cells which had undergone 
malignant changes had lost their ability 
to accumulate iodine. 


Photomicrograph of a section and its radio-autograph from a patient with a 
The diffuse cellular area covering the right half of the section is 
To the left are three small islands of uninvaded thyroid 
tissue which accumulated most ofthe radio-iodine. 


A definite correlation apparently exists 
between the relative uptake of radio- 
iodine in thyroid tissue and the degree of 
hyperplasia shown by the histologic speci- 
mens. This relationship was striking in 
all the sections obtained from patients 
with non-toxic goiter and with carcinoma, 
in which the uninvaded tissue had under- 
gone a compensatory hyperplasia. The 
results of these studies suggest that hyper- 
plasia of thyroid cells is associated with an 
increased ability of these cells to concen- 
trate the administered iodine from the 
blood stream. This phenomenon ap- 
parently takes place when the thyroid 
cells undergo hyperplasia and is independ- 
ent of the clinical condition which causes 
the hyperplasia. Here again the relation- 
ship is demonstrated between the rate 
of turnover of an element in a tissue and 
its degree of selective deposition. 

Chaikoff and his colleagues (44) made 
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a detailed investigation of the metabolism 
of labelled iodine in several types of experi- 
mental animals. They compared the up- 
take of tagged iodine in the thyroids of 
rats with three different quantities of 
total iodine. Each animal in the first 
group received 0.5 mg. of labelled iodine. 
In the second group the individual dose 
was 0.03 mg., and in the last group ap- 
proximately 0.001 microgram was used. 
These values expressed in terms of total 
iodine per kilogram of body weight are 
approximately 2.5 mg., 0.15 mg., and 0.005 
microgram, respectively. In the first 
group the greatest uptake of radio-iodine 
in the thyroid was 2 per cent, in the second 
group it was 7 per cent, and in the third 
group it was 65 per cent. The results of 
these experiments are similar to those ob- 
tained in studies on human _ subjects. 


The thyroids of the normal human sub- 
jects who received 14 mg. of labelled iodine 
(about 0.25 mg. per kilogram of body 
weight) took up approximately 4 per cent 
of the administered dose; the thyroids of 


those who received 0.1 microgram of 
labelled iodine (about 0.002 microgram 
per kilogram of body weight) showed an 
uptake of 20 per cent. The amounts of 
labelled iodine in these instances were 
similar to those administered to the second 
and third groups of rats and the accumu- 
lation of labelled iodine in the thyroid 
followed a similar pattern in both normal 
human subjects and animals. 

Chaikoff and his co-workers also deter- 
mined the distribution of radio-iodine in 
the tissues of the rats which had received 
the 0.001-microgram test dose. The maxi- 
mum concentration of labelled iodine in 
all the tissues (kidneys, testes, blood, skin, 
brain, liver, adrenals, and muscle) ap- 
peared five hours after the administration 
of the radio-iodine. At the end of twenty- 
four hours the levels of radio-iodine in the 
tissues, with the exception of the thyroid, 
fell to approximately one-tenth of these 
values. Thereafter the content of radio- 
iodine in the tissues diminished more 
slowly, and at the end of eight days it was 
less than one-half the level observed at the 


RADIOACTIVE TRACERS IN BIOLOGY AND MEDICINE 559 


end of twenty-four hours. A _ definite 
parallelism was noted in the loss of radio- 
iodine by these tissues and by the blood, 
which was interpreted to indicate that the 
administered iodine moved in and out of 
the tissues by simple diffusion rather than 
by a process of retention which apparently 
takes place in the thyroid. 

These same workers (45) also studied 
the rates of formation of thyroxine and 
di-iodotyrosine by the thyroid. Accord- 
ing to Harington (46), these two com- 
pounds can account for all the organically 
bound iodine found in the thyroid. The 
metabolism of both thyroxine and di- 
iodotyrosine has been investigated by 
numerous workers in the field of thyroid 
physiology and has been reviewed by 
Salter (47) and Elmer (48). The applica- 
tion of radio-iodine to this problem has 
made it possible to observe the rates of 
synthesis of these two organic iodine com- 
pounds from recently administered in- 
organic iodides. Rats and sheep were 
used in Chaikoff’s experiments. The 
distribution of labelled iodine in the form 
of di-iodotyrosine, thyroxine, and _ in- 
organic iodine was determined following 
the administration of a solution of sodium 
iodide which contained radio-iodine. A 
total of approximately 0.005 microgram of 
labelled iodine was injected intraperitone- 
ally into each of sixsheep. Three of the ani- 
mals were sacrificed at the end of four hours 
and their thyroids were removed. The thy- 
roids of the remaining three animals were 
secured twenty-four hours after the admini- 
stration of the labelled iodine. Inert 
potassium iodide, thyroxine, and di-iodo- 
tyrosine were added to the samples of 
thyroid tissue to act as ‘“‘carriers’’ to 
facilitate the efficient separation of the 
three radioactive iodine fractions from the 
thyroids. Their chemical separation was 
accomplished by a modification of the 
procedures developed by Leland and Fos- 
ter (49) and by Blau (50). The radio- 
iodine content of the separated constitu- 
ents was determined and the relative 
proportion of labelled inorganic iodine, 
thyroxin, and di-iodotyrosine was calcu- 
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lated. Similar studies were conducted in 
a large group of rats, each of which re- 
ceived approximately 0.001 microgram of 
labelled iodine. The thyroids were re- 
moved at intervals of two, four, forty- 
eight, and ninety-six hours. Because the 
weights of the rat thyroids ranged from 
10 to 21 mg., desiccated thyroid was 
added to the samples to act as a “‘carrier”’ 
for the extraction of the labelled iodine 
compounds. 

The results of these experiments re- 
vealed that the administered iodine accu- 
mulated by the thyroid tissue of both 
rats and sheep was rapidly converted into 
organically bound iodine. In the sheep, 
at the end of four hours approximately 
6.5 per cent of the labelled iodine in the 
thyroids was bound as thyroxine, 86 per 
cent as the di-iodotyrosine fraction, and 
the remaining 7.5 per cent as inorganic 
iodine. At the end of forty-eight hours the 
relative proportion of thyroxine and in- 
organic iodine was slightly higher, and the 
value of the labelled di-iodotyrosine was 
lower. The relative differences in distri- 
bution of these three labelled iodine frac- 
tions were insignificant at the end of four 
and forty-eight hours when compared 
to the total uptake of labelled iodine by 
the thyroids, which averaged slightly 
over 8 per cent at the four-hour interval 
and 32 per cent at the end of forty-eight 
hours. The values obtained in the thyroids 
of rats differed somewhat from those in 
sheep. The labelled thyroxine fraction in 
the rat was from two to three times greater 
than that in the sheep, the di-iodotyrosine 
fraction was correspondingly lower, and 
the inorganic iodine level was approxi- 
mately the same in both animals. In 
both sheep and rats the thyroxine fraction 
was somewhat elevated during the latter 
portion of the experiments and the di- 
iodotyrosine fraction was correspondingly 
decreased. The inorganic iodine levels 
remained essentially the same through- 
out the experiments. These experiments 
demonstrate the rates of synthesis of di- 
iodotyrosine and thyroxine from the endo- 
genous iodine available in the blood and 
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in other tissues of the body. This assump- 
tion is justifiable since the total quantity 
of iodine administered to each animal was 
so minute that it could not have produced 
a measurable increase in the normal iodine 
content of any of the tissues. At the 
present time similar studies are being 
made on a large group of normal and 
thyrotoxic guinea-pigs. Preliminary re- 
sults indicate that the proportion of 
labelled thyroxine in the thyroids of the 
thyrotoxic animals is several times higher 
than in the normal controls. Fraction- 
ation of the iodine compounds of the blood 
in these two groups of animals revealed a 
marked elevation of the thyroxine fraction 
in the thyrotoxic animals. These results 
are understandable, since the thyroids of 
the thyrotoxic animals were producing an 
excessive amount of thyroid hormone, 
which apparently caused the elevated 
levels of labelled thyroxine. 

Radio-iodine with the aid of radio- 
autography has been found a useful tool 
for the study of the embryologic develop- 
ment of the thyroid gland. Gorbman and 
Evans (51) undertook to determine at what 
stage of development of the tadpole of 
the frog, Hyla regilla, the thyroid gland 
possessed the ability to accumulate iodine. 
The tadpoles, which ranged in size from 
the freshly hatched larva 7 mm. in length 
to the 38-mm. larva with well developed 
hind legs, were maintained for two days 
in 800 c.c. of water which contained 150 
microcuries of radio-iodine and approxi- 
mately 1 microgram of iodine as sodium 
iodide. At the end of the two days the 
tadpoles were fixed and serially sectioned. 
Radio-autographs were made from the 
sections, which were later stained with 
hematoxylin and eosin. A typical series 
is shown in Figure 16, representing the 
various stages of the development of the 
tadpole. No evidence of iodine storage 
could be demonstrated in the larvae whose 
total length was less than 10 mm. The 
first evidence of iodine deposition was 
noted in the 10-mm. larvae. At this stage 
the thyroid had two lobes and each lobe 
consisted of from three to six follicles with 
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12 mm. larva 


22 mm. larva 


Fig. 16. Radio-autographs of sections of the developing thyroids of tadpoles at various stages of development. 
The progressive increase in size and development of the thyroids is parallelled by a corresponding increase of their 
ability to accumulate the labelled iodine which is indicated by the radio-autographs. 


very little colloid. Each follicle was from 
10 to 15 microns in diameter and in cross- 
section was circumscribed by about four 


to six cells. As the tadpole increased in 
size, the thyroid became larger, and the 
follicles, which were made up of more 
cells and contained greater amounts of 
colloid, increased in number. These de- 
velopmental changes were accompanied 
by a parallel increase in size and intensity 
of the radio-autographs, which indicated 
a progressive ability of the thyroids to 
accumulate more labelled iodine. The 
authors were of the opinion that the 
labelled iodine in the thyroids of the tad- 
poles was probably bound in organic 
combination as thyroglobin before the 
radio-autographs were taken, for the sec- 
tions had been treated with various sol- 


vents which would have extracted any 
inorganic iodine in the tissues. 

Later Gorbman and Evans (52) em- 
ployed labelled iodine to demonstrate that 
a protochordate possessed an organ which 
could accumulate iodine selectively. Or- 
ganisms of this type do not have a thyroid 
gland but they possess a mucus-secreting 
organ in the pharynx, the endostyle, which 
is considered to be the morphological 
homologue of the thyroid. Small littoral 
tunicates, Peraphora annocetens, were used 
in these experiments. They were treated 
with radio-iodine, and radio-autographs 
were made according to the usual technic. 
Contrary to expectations, the radio-auto- 
graphs indicated that the endostyle con- 
tained no detectable quantities of labelled 
iodine. Large amounts of the substance, 
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however, were accumulated in the septum 
of the stolon (the reproductive organ that 
contributes to the formation of buds in 
most protochordates which possess this 
structure). The significant information 
secured from these experimental studies 
is that the generally accepted concept of 
the endostyle as the protochordate homo- 
logue of the vertebrate thyroid probably is 
erroneous. 

In another series of experiments Gorb- 
man and Evans (53) studied the uptake of 
labelled iodine in the thyroid glands of 
fetal rats. The technic of radio-autog- 
raphy was ~employed to determine the 
presence of accumulated radio-iodine in 
the fetal thyroid tissue. The radio-iodine 
first appeared in the thyroids between the 
eighteenth and nineteenth days of gesta- 
tion—at the time when the fetal thyroid 
tissue is undergoing the transition from a 
solid mass of closely packed cells to the 
acinar type of structure which is the char- 
acteristic histologic pattern of adult thy- 
roid tissue. This observation was some- 


what surprising, since the total interval of 
gestation in the rat is only twenty-one 


days. It is interesting to note that the 
ability of fetal thyroid tissue to accumu- 
late iodine and the initial appearance of 
follicles take place at approximately the 
same stage of intra-uterine development. 

A study on selective irradiation with 
radio-iodine in normal thyroid tissue of 
rabbits and dogs is now in progress (54). 
In these experiments, 300 microcuries of 
radio-iodine per kilogram were admin- 
istered. The total iodine content of each 
dose was kept below 0.1 microgram. (I'*! 
with a half-life of eight days was em- 
ployed in these studies.) The purpose of 
this work is twofold: first, to determine 
the quantity of radio-iodine necessary to 
produce definite pathological changes in 
normal thyroid tissue; secondly, to deter- 
mine if any other structures suffer damage 
from these relatively large quantities of 
radio-iodine. An example of the patho- 
logical damage to normal thyroid tissue 
produced by large doses of radio-iodine is 
shown in Figure 17. 
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The specimen was taken from a dog 
which had received the same dose of 
radio-iodine per unit of weight and whose 
thyroid was not removed until sixteen 
weeks later. The changes in the thyroids 
of the other animals were similar and 
also showed evidence of a marked degree 
of destruction. The quantity of radiation 
received by these thyroids is estimated 
at between 15,000 and 25,000 roentgens, 
A careful examination of the other tissues 
of these animals (spleen, liver, kidneys, 
pituitary, parathyroids, adrenals, ovaries, 
and heart) revealed no _ pathological 
changes. Frequent blood counts were 
done on some of the animals that received 
the radio-iodine, and no alteration of 
the blood picture was observed. At the 
present time animals are being sacrificed 
at varying intervals after the administra- 
tion of radio-iodine in order to ascertain 
more completely the character of the 
pathological changes. 

The results of the experiments with 
labelled iodine bring out three points of 
interest in consideration of the possible use 
of radio-iodine in the treatment of hyper- 
thyroidism. They show that the thyroids 
of patients with thyrotoxicosis accumulate 
and retain a large proportion of the ad- 
ministered radio-iodine; that the thyroid 
tissue can be destroyed selectively without 
apparent damage to the other tissues of 
the body; that accumulated iodine is 
deposited selectively in the regions of the 
thyroid tissue which are the most hyper- 
plastic. The areas of hyperplasia, to which 
presumably the excessive elaboration of 
the thyroid hormone is mainly referable, 
would be subjected to the greatest radia- 
tion from the beta rays of accumulated 
radio-iodine. The selective irradiation of 
these areas should produce a relatively 
greater depression of the hyperplastic 
portion of the gland than of the normally 
functioning regions. It is deemed inad- 
visable to employ radio-iodine as a thera- 
peutic agent in hyperthyroidism until 
the experimental studies on the action of 
large doses have been completed. Unlike 
leukemia and other malignant disorders, 





Fig. 17. A photomicrograph of the thyroid and parathyroid tissue from a dog 
which received 300 microcuries of radio-iodine per kilogram 100 days before the 
tissue was removed. The parathyroid gland, shown in the lower right hand 
corner of the reproduction, was entirely normal histologically; the surrounding 
thyroid tissue has been completely destroyed and has been replaced by fibrous 
tissue without any evidence of regeneration. 
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hyperthyroidism is essentially curable, 
and the present methods of treatment are 
relatively safe. For this reason every 
precaution should be employed before a 
potentially lethal agent, such as radio- 
jodine, is used to treat this relatively 
benign disease. The available experi- 
mental information on the failure of 
cancerous thyroid tissue to accumulate 
significant quantities of radio-iodine does 
not indicate that this agent will be of any 
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ological properties with those of iodine 
(56). 

A group of normal and _ thyrotoxic 
guinea-pigs received by injection a solu- 
tion containing both radio-iodine and 
element 85. The excretion of these two 
radio-halogens in both urine and feces 
was determined quantitatively. At vary- 
ing intervals the animals were sacrificed 
and the content both of radio-iodine and 
element 85 in the tissues was measured. 
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Fig. 18. 


Comparison of the uptake of radio-iodine and element 85 by the 


thyroid glands of normal and thyrotoxic guinea-pigs. 


value in the therapy of carcinoma of the 
thyroid. 


ELEMENT 85 


Until its recent discovery by Corson, 
MacKenzie and Segré (55), element 85, 
the heavy homologue of iodine, was one of 
the missing members of the periodic sys- 
tem. The new element was prepared 
artificially by the transmutation of bis- 
muth with the aid of the 60-inch Berkeley 
cyclotron. Element 85 is radioactive and 
as far as is known does not occur in nature. 
The chemical and physical periodicity of 
the elements is paralleled to a considerable 
degree by their physiological properties. 
For this reason it was felt that further 
proof of the identity of element 85 could 
be secured by a comparison of its physi- 


The thyrotoxic animals were prepared by 
previous administration of thyrotropic 
hormone from the anterior portion of the 
pituitary gland. 

The uptake of these two radio-halogens 
in the thyroids of normal and thyrotoxic 
guinea-pigs (compared in Figure 18) was 
similar, although the proportion of element 
85 accumulated by the thyroids remained 
consistently about one-third the value 
of the uptake of radio-iodine. The pro- 
longed retention of element 85 in thyroid 
tissue suggested that it was probably 
bound firmly in organic combination and 
that it may have been attached to ben- 
zene rings in a manner similar to iodine. 
The uptake of radio-iodine and element 
85 in other tissues was less than 1 per cent 
of their concentration in the thyroid. The 
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rates of excretion of these two radio- 
halogens were almost identical; the kid- 
neys acted as the chief channel of elim- 
ination. 

Since element 85 emits penetrating 
X-rays, it was possible to study its accumu- 
lation in the thyroid gland im situ by the 
same technic as that employed to measure 
the accumulation of iodine. A solution 
containing element 85 was administered 
to a patient with a non-toxic goiter and 
the uptake was followed by measuring the 
radioactivity of the thyroid im situ. The 


the hemoglobin of the red blood cells. 
Until these studies were made, the general 
assumption had been that the iron taken 
into the body in food, water, and other sub- 
stances was absorbed in the stomach and 
small intestine and that the amounts of 
this element absorbed in excess of the 
normal requirements were re-excreted in 
the lower portion of the digestive tract. 
In other words, the content of iron in the 
body was believed to be regulated by 
excretion. 

In these studies with radio-iron, dogs 
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THE THYROID GLAND 








~ 6 .) oe 2 & 


| 


TIME IN HOURS. 


Fig. 19. Uptake of element 85 in the thyroid gland of a patient with a 
non-toxic goiter. The technic employed was the same as shown in Fig- 


ure 9. 


uptake curve resembled closely those 
obtained with labelled iodine in this type 
of thyroid disorder (Fig. 19). At the end 
of twenty-four hours, approximately 10 
per cent of the administered sample was 
accumulated in the thyroid. Due to the 
short half-life of element 85, it was not 
possible to continue this experiment for a 
longer period of time. 


IRON 
Whipple and his associates have em- 
ployed radio-iron as a tracer for the study 
of iron metabolism and, in particular, for 
determination of the various factors relat- 
ing to the conversion of inorganic iron to 


were employed as experimental animals. 
In the initial experiments Whipple and 
his group (57, 58) compared the uptake of 
radio-iron in normal dogs and in animals 
which had been rendered anemic by re- 
peated bleeding and were maintained on a 
diet deficient in iron. Both groups of 
animals received the labelled iron orally 
as inorganic ferric salts. They were 
sacrificed at varying intervals and the 
radioactivity of the tissues was determined 
with the aid of a Geiger counter. The up- 
take of the tagged iron was from 4.1 to 
12.7 per cent in the anemic animals, while 
in the normal controls it ranged from 0.08 
to 0.24 per cent. In the anemic dogs most 
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of the absorbed radio-iron was incorp- 
orated in the red cells of the blood, while in 
the controls a much smaller proportion was 
deposited in these cells. These studies 
indicated that the uptake of the admin- 
istered radio-iron was determined by the 
need of the body for iron and that in the 
anemic animals the total absorption of the 
labelled element and the relative propor- 
tion of the absorbed radio-iron in the 
blood were much greater than in the con- 
trol animals. In later experiments (59) 
these investigators studied the metabo- 
lism of tagged iron following its intravenous 
administration in normal and anemic dogs. 
They observed that the rates of elimina- 
tion of the radio-iron were very slow in 
both groups and that no significant differ- 
ences in rate of excretion occurred. From 
these observations they concluded that 
the body controls the level of its iron 
stores by regulating the quantity of iron 
absorbed from the digestive tract rather 
than by its capacity to eliminate the 
assimilated iron. In other studies Whipple 


and his co-workers (60, 61) showed that 


the absorbed radio-iron in the blood was 
converted almost entirely into the iron- 
containing protein, hemoglobin. They 
observed, moreover, that it was more 
efficiently converted into hemoglobin when 
the total amount administered was very 
small. 

In a recent experiment these investi- 
gators (62) determined the iron uptake 
of a normal dog following the oral admin- 
istration of radio-iron and found that 1.3 
per cent was assimilated. The animal was 
then rendered acutely anemic by the re- 
moval of approximately two-thirds of its 
total circulating blood. Twenty-four hours 
later the same amount of radio-iron was 
given by mouth. The uptake of this dose 
of radio-iron was approximately the same 
as that of the dose administered before 
the animal had been bled. Sufficient time 
was allowed to permit the hemoglobin level 
of the circulating blood to be replenished 
to a nearly normal value at the expense of 
the body stores of iron. Thereupon, a 
third sample of radio-iron of approxi- 
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mately the same degree of radioactivity 
and containing the same amount of total 
iron as the two previous doses was ad- 
ministered by mouth. At this time the 
uptake was 10 per cent, while in the two 
preceding experiments it had been less 
than 2 per cent. The authors suggest that 
the absorption of iron is not influenced 
by the presence of anemia per se but is 
controlled by degree of depletion of the 
iron in the tissue and in particular by the 
amount of iron present in the cells which 
line the digestive tract. 

Austoni and Greenberg (63) investi- 
gated the absorption, excretion, and dis- 
tribution of iron in rats which had been 
maintained on normal and iron-deficient 
diets. The animals received the radio- 
iron in the form of ferric chloride by 
stomach tube in doses of from 2 to 8 mg. 
At varying intervals they were viviper- 
fused to free the tissues from blood, and 
the content of radio-iron in the blood, 
tissues, and excreta was determined. 
These studies revealed that the normal 
animals required about twelve hours for 
a single dose of labelled iron to pass through 
the stomach and small intestine. The 
passage of radio-iron through the diges- 
tive tract was significantly slower in the 
animals maintained on iron-deficient diets. 
The uptake of the administered iron by 
the blood and tissues was greater in the 
anemic animals. The specific accumula- 
tion of absorbed iron per gram of tissue 
was highest in bone marrow, blood, spleen, 
liver, and heart. The total accumulation 
was greatest in muscle and blood; in the 
anemic animals, 25 per cent of the ad- 
ministered radio-iron was stored in the 
muscle and 14 per cent in the blood at the 
end of ten days. At the same time the 
corresponding tissues of normal animals 
contained only small traces of radio-iron. 
This work confirms the observation of 
Whipple and his co-workers that the ab- 
sorption of iron by the body is increased 
if the tissues have been depleted of their 
stores of this element. It demonstrates 
the significant fact that muscle tissue 
apparently acts as the chief storage depot 
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Fig. 20. Difference in distribution of recently ab- 
sorbed radio-phosphorus and radio-strontium in rats 
as shown by the technic of radio-autography. 


for iron administered to animals with an 
iron deficiency. 


CALCIUM AND STRONTIUM 


The bones of animals are composed 
largely of calcium and phosphorus in the 
form of tri-calcium phosphate. The con- 
siderable interest in the metabolism of 
calcium has stimulated investigators to 
apply radio-calcium to metabolic prob- 
lems. Campbell and Greenberg (64), and 
later Pecher (65), demonstrated by the 
use of labelled calcium that calcium is 
almost exclusively stored in the bones and 
that only small traces are distributed in 
the soft tissues. This selective deposition 
of radio-calcium in the bony structures 
suggested that it might be of therapeutic 
value in the treatment of malignant 
conditions which involve the bones. The 
very long half-life of radio-calcium (180 
days), however, and the weak activities 
that are available, definitely precluded 
its therapeutic application. Pecher (65, 
66) predicted, and subsequently demon- 
strated, that the metabolism of strontium, 
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which is in the same group in the periodic 
system, is similar to that of calcium. 
Radio-strontium has a half-life of fifty- 
five days, can be readily prepared in 
relatively large amounts, and emits very 
energetic beta particles. Table II indi- 


TABLE II: DISTRIBUTION IN THE TISSUES OF Rapjo- 
ACTIVE CALCIUM, STRONTIUM, AND PHOSPHORUS 
TWENTY-FOUR Hours AFTER AN INTRAVENOUS INyjec- 
TION OF Rapro-CaLcrum LACTATE, Rap1o-STRONTiIvM 

LACTATE OR SODIUM RADIO-PHOSPHATE 


Per Cent of Dose per Gram Wet Weight 


Skin  Diges- 
and tive Other 
Bone Muscle Hair Tract Liver Viscera 
Ca*® 22 0.33 0.20 0.36 0.12 0.23 
Sr*? 12 0.17 0.15 0.23 0.07 0.18 
ps? 5.2 1.4 0.75 1.3 3.0 2.1 


cates the distribution of phosphorus, cal- 
cium, and strontium in the tissues of mice 
when these substances were administered 
as inorganic salts. Although the propor- 
tion of strontium taken up in the body is 
lower than that of calcium, it will be 
noted that the selectivity of deposition of 
these two elements in bone is almost the 
same. In Figure 20 a comparison between 
the distribution of strontium and phos- 
phorus is made by the technic of radio- 
autography. In this experiment one of two 
animals received radio-phosphorus and the 
other radio-strontium. Two and a half 
days later the animals were sacrificed 
and sections of the entire bodies were 
prepared and placed upon films in order 
to secure the radio-autographs. Figure 
20 shows that a moderate degree of phos- 
phorus was accumulated in the skeleton 
and considerable quantities were deposited 
throughout the soft tissues, while almost 
all of the strontium that had been assimi- 
lated by the animal had accumulated in 
the bony structures. 

In Figure 21 the distribution of radio- 
strontium in soft tissues, normal bone, 
and tumor is shown in the radio-auto- 
graph. In this particular instance the 
soft tissue is comprised chiefly of muscle 
and skin, and the tumor is an osteogenic 
sarcoma of the upper end of the tibia. 
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The patient received approximately 500 
microcuries of radio-strontium two days 
before the leg was amputated. A section 
approximately 5 mm. thick was made 
from the amputated extremity, and the 
radio-autograph secured from this tissue 
by placing it against the photographic 
film. The roentgenogram of the section 
was then prepared to visualize its struc- 
ture. As can be seen from the radio- 
autograph on the right, the strontium was 
chiefly localized in the region of the tumor 
and the more rapidly developing portions 
of the bones. The selective localization 
of the radio-strontium in the epiphyseal 
regions was to be expected since the patient 
was a child, and hence these regions were 
metabolically more active than the rest 
of the bone. The marked accumulation of 
strontium in the tumor indicates that the 
tumor cells were depositing the labelled 
strontium more rapidly than the surround- 
ing uninvolved bone. 

These studies indicate that radio-stron- 
tium, which is selectively deposited in 
bone and which possesses desirable radio- 
active properties (half-life, beta ray energy, 
and availability), may prove useful in 
clinical therapy. At the present time this 
phase of the problem is under investigation. 


CARBON AND NITROGEN 


One of the outstanding examples of the 
application of a radioactive isotope as an 
indicator for fundamental research in the 
metabolic processes of biological systems 
has been the use of radio-carbon by Ruben, 
Kamen, and their co-workers to study 
the metabolism of carbon dioxide in a 
wide variety of organisms. These investi- 
gators (67) demonstrated that plants and 
algae containing chlorophyll had the abil- 
ity to assimilate a small but measurable 
proportion of tagged carbon dioxide from 
the air in the complete absence of light. 
An extensive study of this phenomenon 
of “dark reduction” in the green alga, 
Chlorella pyrenoidosa, was carried out. 
The results of these studies indicated that 
the assimilated carbon dioxide was re- 
duced to a carboxylic acid which was 





Fig. 21. Roentgenogram and corresponding stron- 
tium radio-autograph of a thick section of an amputated 
leg from a patient with osteogenic sarcoma. The tumor, 
which is indicated by the arrow on the roentgenogram 
has extended out into the surrounding soft tissue. The 
radio-autograph demonstrates that the radio-strontium 
was selectively deposited in the tumor with small 
amounts in the surrounding bone and that relatively 
little was accumulated in the soft tissues. 


attached to a large complex molecule. 
This reaction in the dark was found to be 
reversible in character and can be rep- 
resented by the following equation: RH 
+ CO, = RCOOH. It was suggested by 
the investigators that this reaction rep- 
resented the first step in the long and 
complicated series of chemical reactions 
which finally result in the formation of 
sugars, starches, etc., by green plants. 
The chemical identity of the molecule 
“R,”’ to which the labelled carbon diox- 
ide is bound as a carboxylic acid, is not 
known. The authors (68) observed, how- 
ever, with the aid of the ultracentrifuge 
and diffusion measurements that the 
RCOOH molecule has a molecular weight 
of approximately 1,000 when it is extracted 
from the alga by the use of boiling water. 
In the absence of light all of the labelled 
carbon appeared to be in the carboxyl 
group, which suggests that under these 
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conditions no further reduction of the 
assimilated carbon dioxide takes place. 
The ‘‘dark uptake’’ of the tagged carbon 
dioxide was very rapid when it was first 
introduced inte the vessel containing the 
plants; but the rate of uptake diminished 
while the plants were maintained in the 
atmosphere containing radioactive carbon 
dioxide, and at the end of an hour very 
little additional carbon dioxide was accu- 
mulated. This was interpreted to indicate 
that the “dark uptake”’ of carbon dioxide 
was a reversible chemical reaction and at 
the end of an hour equilibrium had been 
established with as many tagged molecules 
leaving the plant as new molecules of the 
gas from the surrounding atmosphere 
entered the leaves. 

When the experiment was conducted in 
the presence of light the uptake of carbon 
dioxide continued very rapidly and at the 
same rate from the time when the material 
was administered until the end of the 
experiment several hours later. Thus it 
was apparent that the assimilation of the 
labelled carbon dioxide in the light was not 
a reversible reaction. Moreover, in the 
presence of light only a small fraction of 
the accumulated labelled carbon was found 
in the carboxylic radical; apparently 
most of the radio-carbon was converted 
to a more highly reduced state. In some 
plants, as for example barley, approxi- 
mately 20 per cent of the assimilated carbon 
dioxide was synthesized into sugar within 
two hours when the experiment was con- 
ducted in the presence of light. 

From these observations and the results 
of other experiments the authors suggest 
the following type of reaction for the 
“light reduction”’ of carbon in the presence 
of chlorophyll, RCOOH + H,O + hv — 
RCH-,OH + O,. The RCH,OH molecule 
may take up carbon dioxide as did the 
original RH molecule, thus providing the 
mechanism for a cyclical process leading 
to the eventual synthesis of typical photo- 
synthetic carbon compounds by the step- 
by-step addition of assimilated carbon 
dioxide onto the enzyme molecule ‘‘R.”’ 
This mechanism implies that simple sugars 
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are not synthesized directly in the plant 
but that they are split off from large 
polyhydric molecules which are built up 
on the enzyme “R.” In each step, how- 
ever, the initial reaction involving each 
assimilated carbon dioxide molecule is its 
reduction to a carboxylic acid group, which 
is a non-photochemical reaction. The 
further reduction of the carboxylic radical 
involves photochemical reactions and re- 
quires the participation of both chloro- 
phyll and light. 

The mechanism for photosynthesis which 
these authors have developed from their 
work with radio-carbon is at considerable 
variance with the classical theory of 
photosynthesis which has been accepted 
by most investigators in this field. The 
latter concept postulated the following 
type of reaction in the leaves of the plant: 
H.O + CO, + hv > HCHO a Os, and the 
subsequent polymerization of the formal- 
dehyde to form more complex carbon com- 
pounds. A careful search was made for the 
presence of carbon compounds of low 
molecular weight, including formaldehyde, 
in Chlorella exposed to the tagged carbon 
dioxide, and none was found within the 
range of sensitivity of the method, which 
would have detected less than one part in 
a million of these substances had they 
been present. 

Ruben and Kamen observed with the 
aid of radioactive carbon dioxide that 
non-photosynthetic organisms (cells which 
do not contain chlorophyll and do not 
utilize light in their metabolic processes) 
had the capacity to reduce carbon dioxide 
(69). They employed many different types 
of microorganisms, including yeast cells, 
B. coli, and rat liver cells, in their experi- 
ments and found that when these organ- 
isms carried out their metabolic activities 
in media to which labelled carbon dioxide 
had been added a significant portion of 
the carbon dioxide was reduced and con- 
verted into organic compounds such as 
acetic acid, propionic acid, etc. In some 
cases a portion of the labelled carbon 
dioxide was found to have been incorpo- 
rated into the cellular material, which is 
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made up of large and complex molecules. 
These observations are most striking since 
these organisms secure their energy by 
the oxidation of carbohydrates, fats, pro- 
teins, etc., and as a result carbon dioxide 
is one of their chief metabolic end-prod- 
ucts. Obviously, since such organisms 
excrete carbon dioxide, the classical chemi- 
cal and physical methods could never have 
demonstrated that a small but finite 
proportion of the carbon dioxide molecules 
in their tissues are reduced. Furthermore, 
Ruben and Kamen have shown that in 
some instances for every twenty-five to 
fifty carbon dioxide molecules produced 
by oxidation one molecule was reduced. 
The evidence thus far obtained has led 
to the suggestion that all living organisms 
have the capacity to reduce carbon di- 
oxide. 

Many organic compounds, such as 
sugars, acetic acid, propionic acid, lactic 
acid, etc., are quite difficult to tag directly 
with radio-carbon by synthesizing them 
in the test tube. These substances can 
be readily prepared, however, by ad- 
ministering radioactive carbon dioxide to 
suitable organisms and after a period of an 
hour or so the labelled compounds may be 
separated from the biological material (70). 

Mention should be made in this section 
of the experiments by Ruben, Kamen, 
et al. (71) in which it was found that if 
barley plants are exposed to radio-nitrogen 
a small quantity of labelled nitrogen 
compounds is formed in the tissues of the 
plants. The authors point out that this 
may be due to an exchange of the labelled 
nitrogen with the nitrogen compounds in 
the plants. On the other hand, their 
observations may indicate that barley 
plants can utilize small amounts of atmos- 
pheric nitrogen for nutrition. The results 
of these experiments are of interest, since 
there is considerable controversy con- 
cerning the fixation of nitrogen by non- 
leguminous plants. 


CONCLUSION 


The material presented in this report 
merely gives an idea of the significance of 


the discovery of artificial radioactivity to 
the medical sciences. The artificial radio- 
elements possess a dual potentiality: one, 
in the field of pure research and the other 
in that of practical therapeutics. In the 
first place, these new substances may be 
employed as research tools to attack 
successfully the problems of metabolism 
that are closed to the classical procedures 
of chemistry and physics. These pre- 
existing methods of metabolic research 
yield an essentially static picture of the 
complex biochemical processes which are 
continuously taking place in every living 
structure. The radioactive tracers, how- 
ever, give the investigator the opportunity 
to study the dynamic pattern of the chemi- 
cal integration which takes place in every 
living cell as it constantly is replenishing 
its substance from the surrounding en- 
vironment and discharging its waste prod- 
ucts. The biological action of the radia- 
tions from the artificial radio-elements 
gives these substances their second im- 
portant rédle in medicine. This property 
has given the clinician a new therapeutic 
weapon for the treatment of neoplastic 
diseases. Radio-phosphorus serves as an 
illustration of the application of a radio- 
element as tracer to the study of metabolic 
problems and of its direct use as a thera- 
peutic agent of considerable promise in 
the treatment of leukemia and _ allied 
malignant states. 

Obviously, tracer research with the 
artificial radio-elements is a necessary 
prelude to their therapeutic application. 
Thus far only radio-phosphorus and radio- 
strontium have been subjected to clinical 
trial and sufficient time has not elapsed 
to permit an evaluation of the present 
methods of treatment with these sub- 
stances. The potential usefulness of radio- 
iodine in the treatment of hyperthyroidism 
is apparent and the time for its clinical 
test is almost at hand. In other words, this 
report serves to indicate the various stages 
of development from the initial use of a 
radio-element as a tracer to its therapeutic 
applications. 

Attempts to secure the selective locali- 
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zation of the artificial radio-elements have 
been limited in three directions. First, 
the radio-elements have been administered 
in the form of their simple inorganic com- 
pounds. Secondly, the selective deposition 
has been secured by what might be termed 
normal physiological responses to the 
metabolic demands of the tissues; these 
being the content of the element in the 
tissues, its rate of turnover, and the laying 
down of new tissues. Thirdly, the radio- 
active isotopes of only 21 elements have 
been employed in biological research. Of 
this number only a few have been studied 
intensively with ‘selective localization as 
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the primary aim. Since each of the 92 
known elements has one or more radio- 
active isotopes and many of these have 
half-lives that place them within the 
range of therapeutic applicability, it is 
evident that the potentialities in the field 
of selective irradiation far outweigh the 
little that has been accomplished thus far. 


Support for the work appearing under 
the auth 3 name has been given by the American 
Cyanamid Company, the International Cancer 
Foundation, and the Christine Breon Fund for 
Medical Research. 
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APPENDIX 


The following table, with the exception of the 
yield data, was obtained from the tables given by 
Livingood and Seaborg in Review of Modern Physics 
(72) and later by Seaborg in Chemical Reviews (73). 

All of the yields are given as microcuries per 








microampere hour of the bombarding ions. The 
term “‘microcurie’’ refers to the absolute number of 
disintegrations per second of the artificially pre- 
pared radio-element; namely, 3.7 X 10* disinte- 
grations per second. All yields given which have a 


Yield in 





Microcuries 
Radio- Type of Energy of Radiation in Mev per Micro- Produced 
Element Radiation Half-Life Particles y-Rays ampere Hour By 
1H? B- 30.0 yr. 0.013 No y 0.1 Be-d-,H® 
eC! Bt 21.0 min. + Oe eo 500.0* B-d-n 
«Cl B- >1000 yr. ae. .° « #@see 0.00005** N-n-p (be-d-n) 
aN Bt, 9.93 min. 1.2, 0.93 0.28 1000.0* C-d-n 
uNa” Bt, ¥ 3.0 yr. 0.58 1.3 1.0 Mg-d-a 
uNa** B-, 7 14.8 hr. 1.4 1.46, 2.0, 3.03 10.000 Na-d-p 
2Mg?? B-, y 10.2 min. 1.8 0.9 500.0* Mg-d-p 
uP? B- 14.30days 1.69 No y 200.0 P-d-p 
i** B- 88.0 days 0.107 No y 0.1 »-d-p 
ywCl** B-, ¥ 37.0 min. 1.1, 5.0 1.65, 2.15 1000.0* Cl-d-p 
1gK *? B-, 7 12.4 hr. rr oor 50.0 K-d-p 
2Ca* B-, y 180.0 days 0.2, 0.9 0.7 0.01 Ca-d-p 
2Mn** K, ¥ OR re 0.85 1.0 Fe-d-a 
oFe* B-, 7 47.0 days 0.4, 0.9 1.0 0.03 Fe-d-p 
aCo* K, y,e", B 270.0 days ae 8 =—Ss—sés kw www 1.0 Fe-d-2n 
~Cu®* B-, B*,K 12.8 hr. {0.58 - No y 3000.0 Cu-d-p 
deal | 0.66 (Bt) 

sozn® B*, K, 7, e~ 250.0 days 0.4 (B*) 0.45, 0.65, 1.0 0.5 Cu-d-2n 

(2.8, 3.4, 2.%, 1.5, 2.2, 3.2 10.0** As-n-y (Be-d-n) 
ssAs”® S-, 2.27 26.8hr. 4 as, 

| 26, Bt 
As?! B-, Bt 16.0 days { +e B+ cons 2.0 Ge-d-n 
asBr*? B- 34.0 hr. 0.7 0.65 10.0** Br-n-y(Be-d-p) 
a7Rb* * B-,Y i rn 10.0 Rb-d-p 
geor®* B~ 55.0 days 1.50 No y 7.0 Sr-d-p 
sgl '3! B-,Y 8.0 days 0.687 0.4 20.0 Te-d-n 
as?!! c, @ 7.5 hr. ST Ko) eres se 1.0 Be-a-2n (32 
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single asterisk placed beside them refer to data ob- 
tained from the 37-in. Berkeley cyclotron, which 
produces 8,000,000 electron volt deuterons. The 
remaining yields, with the exception of element 85 
and the radio-elements produced by neutrons, refer 
to direct bombardment with 16,000,000 electron 
volt deuterons from the 60-in. Berkeley cyclotron. 
The 32,000,000 electron volt alpha particles em- 
ployed for the production of element 85 were ob- 
tained from the 60-in. cyclotron. The data given 
in the last column on the right refer to the nuclear 
reactions which result in the yields shown in the 
adjoining column. The double asterisk refers to the 
production of the radio-elements by neutrons re- 
sulting from the bombardment of beryllium by 
16,000,000 electron volt deuterons. These yields 
from neutrons, which are expressed as microampere 
hours of deuterons, were estimated on the basis of 
the following quantities of material irradiated by the 
neutrons: ,¢C!4 from 25 kg. of ammonium nitrate, 
gAs’ from 500 gm. of cacodylic acid and yBr** 
from 2000 c.c. of brom-benzene. 

The values given for the yields are in many in- 
stances approximations and are subject to large er- 
rors. The data for the yields of ,,.Na*, ;;P**, Fe, 
gor®’, and ,3I?*! are estimated to be accurate to 
approximately 50 per cent. The remaining yield 
data are much less exact and are subject to con- 
siderably larger fluctuations in accuracy. 
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The Therapeutic Use of Artificially Produced Radioactive 


Substances’ 
Radiophosphorus, Radiostrontium, Radioiodine, with Special Reference to Leukemia and 
Allied Diseases 
BERTRAM V. A. LOW-BEER, M.D., JOHN H. LAWRENCE, M.D., AND ROBERT S. STONE M.D. 
Berkeley, Calif. 


i er DISCOVERY by Joliot and Curie 
(1) that radioactivity may be arti- 
ficially induced in various elements and the 
invention of the cyclotron by E. O. Law- 
rence and his associates (2a-e) have pre- 
sented the biologist with a new means of 
research and the physician with a new 
means of radiation therapy. Since arti- 
ficially radioactivated elements are the 
same chemically as their inactive isotopes, 
their radiations may serve as ‘“‘tags” 
which label the atoms. By this means the 
distribution of these elements may be 
traced in biological materials (3a and 3, 
4, 5a and 6b, 6). Furthermore, since 
artificially radioactivated elements emit 
rays which are similar to those given 
off by radium and other naturally radioac- 
tive elements, the artificially activated 
elements may be used as substitutes for 
radium. Recognition of these facts has 
led to the inauguration of extensive bi- 
ological studies with several of the arti- 
ficially radioactivated elements, more par- 
ticularly radiophosphorus (7a-c, 8a—c, 9a-R). 

Experimental studies with radiophos- 
phorus, on normal animals, showed that 
this phosphorus is metabolized in the 
form of inorganic phosphate, phosphonu- 
cleotides, hexosephosphates, and similar 
compounds, and is incorporated in living 
cells. They also proved that bone is the site 
of greatest concentration of newly ac- 
quired phosphorus (10a and 6, 11, 12, 13, 14a 
and 5, 15a-j, 16, 17a-f, 18a-d, 19). Subse- 
quent studies showed that in animals with 
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leukemia, lymphoma, lymphosarcoma, and 
other tumors a higher percentage of phos- 
phorus is taken up in the pathological tis- 
sue than in any of the normal tissues with 
the exception of bone (20, 21, 22, 23). 
Wherever the rate of cell formation was 
increased, the uptake of phosphorus was 
also increased markedly. Newly formed 
cell nuclei were the main consumers 
(24a-c). These findings indicated that 
rapidity of growth—in other words, the 
rate of the reproduction of cells—influ- 
ences the rate of uptake of phosphorus. 
Single equal therapeutic doses of radio- 
phosphorus reduced the number of white 
blood cells in the peripheral blood of leu- 
kemic animals to a greater extent than in 
that of normal animals or those with local- 
ized tumors. Similarly, studies on patients 
who were given “‘tracer’’ doses of radio- 
phosphorus showed that wherever leukemic 
or neoplastic infiltration existed, the up- 
take of phosphorus was high (25a and 3, 
26a-c, 27a and b, 28, 29). Investigations 
with radioactive strontium demonstrated 
its selective deposition in bone-forming 
(osteogenic) tissue and suggested the pos- 
sibility of irradiating tissues containing 
such cells (30, 3la and 6, 32, 33). Studies 
with radioactive iodine have shed much 
light on the physiology of the thyroid 
gland and have indicated the possible 
therapeutic value of radioiodine in hyper- 
function of that gland (34a-e, 35, 36, 37, 
38a—d, 39, 40, 4la and 6, 42). These ex- 
perimental studies, which were made pos- 
sible by the discoveries of modern physics, 
have renewed interest in the therapeutic 
possibilities of internal irradiation. 

As long as forty years ago radiothera- 
pists attempted to give the radioactive 
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substances at their disposal by the oral, 
respiratory, and intravenous routes. These 
methods, however, were not generally ac- 
cepted because: (a) radium and its salts 
continue to radiate for a long time; (0) 
the type of radiations emitted by radium 
changes during the course of its disin- 
tegration; (c) radium salts are retained 
in the skeleton for the remainder of the 
patient’s life; (d) when the products of 
gaseous disintegration are administered 
by inhalation they enter the blood stream 
but part of them are rapidly eliminated 
and part decay to ‘‘active deposit” radio- 
active products of*long life and are re- 
tained in the body; (e) radium is too ex- 
pensive to be given internally and thus lost 
(43, 44, 45, 46, 47, 48, 49, 50, 51, 52). 
The artificially radioactivated elements do 
not have these disadvantages. For ex- 
ample, radiophosphorus is a suitable sub- 
stance for certain therapeutic purposes be- 
cause its half-life is only 14.3 days, it 
emits only beta rays, it localizes in rapidly 
growing tissue, and it may be manufac- 
tured as desired. The early results of 
the clinical administration of radiophos- 
phorus were encouraging. Further inves- 
tigation has given ample evidence of the 
therapeutic importance of this element and 
of other artificially radioactivated elements 
(256, 53a-d, 54a and 5, 55a and 35). 

The purpose of this article is to present 
briefly the physical and biological back- 
ground of internal radiation therapy; to 
describe the method of production and 
preparation for clinical use of radioactive 
phosphorus as employed in the Crocker 
Radiation Laboratory; to discuss the prob- 
lems of dosage and measurement; to pre- 
sent case histories which demonstrate the 
clinical use of radioactive phosphorus; 
and, finally, to give a brief account of the 
experimental therapeutic uses of radio- 
strontium and radioiodine. 

PRODUCTION OF RADIOPHOSPHORUS 

A thin layer of red, non-poisonous, 
metallic phosphorus is packed on a copper 
plate, called the target, and placed in the 
vacuum chamber of the cyclotron, where it 
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is bombarded by fast moving deuterons 
(the nuclei of heavy hydrogen). The deu- 
teron consists of a proton and a neutron. 
The deuterons in gaseous form strike some 
of the nuclei of the phosphorus atoms on 
the target. Because both are positively 
charged, the proton is deflected from the 
phosphorus nucleus. The neutron, which 
has no charge, enters the nuclear field 
(Coulomb's field) and not only causes a 
change in the atomic weight of the phos- 
phorus from 31 to 32, but also disrupts its 
stable nuclear structure and thus trans- 
forms it into a radioactive atom (56, 57, 
58). This physical transformation may be 
symbolized as follows: 


1H? + 5P*' — (:5P** + energy) + ,H! 


The bombardment in the 60-inch cyclo- 
tron is continued for many hours, the exact 
time depending on the intensity of the 
beam of deuterons. It is not possible to 
make all or even an appreciable percentage 
of the phosphorus atoms radioactive. A 
time comes when as many of the radioac- 
tive atoms are disintegrating each minute 
as are being formed. When the bombard- 
ment is stopped the phosphorus is con- 
verted into sodium acid phosphate by the 
following procedure. 

The target holder containing the phos- 
phorus is opened, rinsed with agua regia 
and distilled water, scraped with a glass 
brush, and the entire material is collected 
in a beaker. From 60 to 100 c.c. more of 
aqua regia are added and some of the fluid 
is evaporated by heating. When the con- 
tents of the beaker become syrupy, from 
5 to 10 ¢.c. of hydrochloric acid are added 
gradually while the evaporation is contin- 
ued until no more brown fumes of nitrous 
oxide appear. The residue is cooled and 
from 50 to 60 c.c. of distilled water are 
added. The material, together with the 
rinsings from the beaker, is transferred to 
an aerator flask. The copper which was 
collected from the target holder is precipi- 
tated by aeration with hydrogen sulphide 
for from two to four minutes. The con- 
tents of the flask are filtered through 4 
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No. 45 filter and are washed with distilled 
water. This procedure is repeated until 
no more copper sulphide is formed. In 
order to eliminate the hydrochloric acid 
the filtrate is evaporated to a syrupy con- 
sistency. Thereupon about 100 c.c. of 
distilled water are added. The solution is 
neutralized with normal sodium hydrox- 
ide, phenol red being used as indicator. 
When the color has become an orange-pink, 
the pH is approximately 7.2. The solution 
is again heated to boiling and any pre- 
cipitate which may have formed is filtered 
out. It is then diluted with distilled water 
to a concentration of 15 mg. of sodium hy- 
drogen phosphate in each cubic centi- 
meter. The sodium hydrogen phosphate 
solution is decanted into vials. To com- 
plete its preparation for intravenous use, 
it is sterilized in an autoclave at 15 pounds 
pressure for twenty minutes. For oral 
administration sterilization is not neces- 
sary, but the material should be kept on 
ice to prevent the formation of mold. 

In this solution of sodium hydrogen 
phosphate only about one of each million 
phosphate molecules contains a _ radio- 
active phosphorus atom since, as men- 
tioned above, only a very small percentage 
of the original phosphorus atoms were made 
active. 


MEASUREMENTS OF ACTIVITY AND 
DISTRIBUTION OF RADIATION 


In order to determine the radioactivity 
of the preparation, 1 c.c. of the solution 
is diluted with water to 1,000 c.c. One 
cubic centimeter of this is placed on a por- 
celain dish and completely evaporated at 
low temperature. The radioactivity of the 
dried sample is measured by means of an 
electroscope which has been calibrated 
with a uranium standard (beta particles). 
Our standard gives off 7,400 beta particles 
per second. This activity is equivalent 
to 0.205 microcurie of radium. At the 
time of the assay the strength of the orig- 
inal radioactive solution of sodium hy- 
drogen phosphate is calculated in micro- 
curies per cubic centimeter. The strength 
at the time of use can be calculated from 
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the known rate of decay (the half-life of 
radiophosphorus is 14.3 days). 

Since the ‘‘curie’’ has been used as the 
unit of measurement of activity of radio- 
phosphorus, and since radiologists are ac- 
customed to using the “‘curie’’ as a measure 
of radon, the basis of measurement of this 
unit must be understood. Currently the 
“curie” is defined as that amount of any 
radioactive substance of which 3.7 X 10” 
atoms disintegrate per second. This defi- 
nition does not take into account either 
the type or the energy of the radiations 
emitted. Since the therapeutic effect from 
any radiation depends on the amount and 
distribution of the energy absorbed, a 
“curie’’ of phosphorus emitting only beta 
rays and one of radon emitting gamma rays 
can be expected to have very different ef- 
fects. The use of the term “‘curie” in de- 
scribing dosages of diverse radioactive 
materials is very confusing. It is possible 
to compare “‘curies’’ of radiophosphorus 
with roentgens of gamma rays or X-rays on 
the basis of absorbed energy (59a and 0). 

The energy absorbed by ionization from 
the beta particles emitted in twenty-four 
hours by 1 microcurie of radiophosphorus 
has been calculated to be 3,550 ergs, based 
on an average energy for the beta particles 
of 700 electron kilovolts. If a patient 
weighing 60,000 gm. is given 6,000 micro- 
curies of radiophosphorus, each gram of 
tissue might receive © /s0o00 or 0.1 micro- 
curie of activity. The energy absorbed 
from this in the first twenty-four hours 
would be 0.1 X 3,550 or 355 ergs. If a 
gram (1 c.c.) of tissue is acted on by 1 
roentgen of x-rays it absorbs 82.9 ergs. 
Each gram of tissue, therefore, containing 
0.1 microcurie of radiophosphorus would be 
ionized to the same extent in twenty-four 
hours as if it had been exposed to ™/ 9.5 or 
4.2 roentgens of x-rays. This is not equiva- 
lent, however, to irradiating the whole 
body from an external source with an ex- 
posure of 4.2 roentgens measured on the 
surface, because, from internal irradia- 
tion, each cubic centimeter in the body 
absorbs the stated amount, while from ex- 
ternal irradiation only the surface layer 











Radio-autograph of lymph node removed at 
biopsy. 


Fig. 1. 


absorbs the complete amount and each 
centimeter layer below the surface ab- 
sorbs a lesser amount. A uniform dose of 
radiation cannot be administered simul- 
taneously to each cubic centimeter of the 
body by any known external method. The 
nearest approach to this type of irradia- 
tion is made by the Heublein technic; but 
even with this the intensity of the radia- 
tion decreases from the surface inward. 
The problem of the distribution of radia- 
tion from an internally administered agent 
is further complicated by the fact that that 
agent is not uniformly distributed, either 
in the whole body or in any specific tissue. 
In addition, the phosphorus within the 
body shifts continuously. 

As mentioned above, radiophosphorus 
is selectively taken up by bone, bone 
marrow, leukemic tissue, and any rapidly 
growing tissue. These tissues, therefore, 
will be selectively irradiated. Radio- 
autographs demonstrate that even in a 
given tissue the distribution of the radia- 
tions is not uniform. Figure 1 is the radio- 
autograph of a lymph node excised from a 
patient with generalized lymphosarcoma 
after he had been given radiophosphorus. 
It was made by placing the cut surface of 
one-half of the node, under refrigeration, 
against an x-ray film for thirty-six hours. 
The uneven density demonstrates the 
variation of radioactivity in different parts 


B. V. A. Low-Beer, J. H. LAWRENCE, R. S. STONE 











November 1942 








of the node. Physical measurements of 
the activity of pieces of equal size from 
different parts of the node showed as much 
as 30 per cent variation. Studies of excised 
tissue, therefore, should include histological 
examination, radio-autographs, and assays 
so that the concentrations of radioactivity 
may be compared with the structural pe- 
culiarities of the tissue. Also, since the 
phosphorus atoms within the body shift 
continuously, because of metabolic proc- 
esses, the level of activity found in the 
node at one time may not prevail at any 
other time. Although the distribution of 
the radioactive phosphorus determines the 
location of the centers of activity, the range 
of the beta particles in tissue varies, the 
maximum distance being 13 mm. Hence, 
when an atom of radiophosphorus disin- 
tegrates, it may damage not only the cell 
in which it is incorporated, but also all the 
cells in the path of the expelled beta ray. 
As a matter of fact, the density of tissue 
ionization, and consequently the biologic 
effect, is greatest at the end of the path of 
the beta particle. 

In spite of this uneven distribution of 
radiophosphorus in tissue, the total amount 
of radiation within the body at specific 
times should be estimated as accurately as 
possible. In determining this, not only 
the daily decay of the dose administered 
but also its elimination in the urine and 
feces must be considered (60, 255). Pro- 
vided that the quantity which enters the 
blood does not exceed the daily require- 
ments, the amount of phosphorus lost 
depends upon the method of administra- 
tion (53a, c, d). With any method of ad- 
ministration the amount lost in the first 
three days exceeds the amount lost in any 
subsequent three days. It apparently 
takes about three days for the phosphorus 
to reach equilibrium in the body. The 
amount of activity retained in the body 
when the phosphorus is administered intra- 
venously, expressed as a percentage of the 
administered dose, is shown in Table I. 
In this table both excretion and decay are 
taken into account. The excretion values 
used are average ones. The actual amount 
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TaBLE I: CALCULATION OF RETAINED ACTIVITY 
FoLLOWING INTRAVENOUS ADMINISTRATION OF RADIO- 
PHOSPHORUS 











For the first three days the activity on each day is 
calculated as a per cent of the administered dose. 





Per Cent 
Administered 
Days Dose 
i Ene ee 90 
2 83 


For each day after the third day the activity is cal- 
culated as a per cent of the activity retained on the 


third day. 


Per Cent of Per Cent of 
Third Day Third Day 
Days Activity Days Activity 

4 94 19 37 

5 88 20 35 

6 83 21 33 

7 78 22 31 

s 74 23 29 

9 69 24 27 

10 65 25 26 

ll 61 26 24 

12 58 27 23 

13 54 28 21 

14 50 29 20 

15 48 30 19 

16 45 31 18 


17 42 32 17 
18 40 33 15 





of radiophosphorus eliminated varies 
greatly from patient to patient, depending 
in part on the activity of the disease being 
treated. It may, however, be determined 
accurately by measuring the amount elimi- 
nated in the urine and feces. When the 
phosphorus is administered by the oral 
method, a considerable amount is lost in 
the feces as well as in the urine, so that 
the average total loss for the first three 
days by excretion and decay is 32 per cent 
of the administered dose. With either 
method of administration, the amount lost 
daily by excretion and decay is the same 
after the third day. 

The principles discussed in the foregoing 
paragraphs are the basis for the calculation 
of dosage expressed in ‘“‘microcurie radia- 
tion level” or “roentgen equivalent radia- 
tion level,”’ which are the measurements we 
employ. The simplicity and comparative 
accuracy of this calculation seem to jus- 
tify its recommendation for general ac- 
ceptance and use. Its practical applica- 
tion in therapy is discussed below. 
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CLINICAL CONSIDERATIONS 

The findings in experimental animals 
and in human beings have demonstrated 
that radioactive phosphorus has therapeu- 
tic value in cases of leukemia, lymphosar- 
coma, and polycythemia vera, and may be 
useful, also, in widely disseminated dis- 
eases, such as Hodgkin’s disease, multiple 
myeloma, and metastatic carcinoma. The 
fact that bone takes up a larger amount 
of phosphorus than any other tissue, in- 
cluding tumor tissue, and that the mar- 
row may therefore be subjected to rela- 
tively intense irradiation, constitutes a 
limitation. Unless the pathological tissue 
is highly radiosensitive, the amount of radi- 
ation necessary to affect the disease may 
cause damage to all of the hematopoietic 
tissues. Consequently, the use of radio- 
phosphorus in the treatment of diseases 
other than those involving the bone mar- 
row is not completely logical, and ideally 
we must look for some other radioactive 
element or compound. 

While radioactive phosphorus may be 
administered either orally or intrave- 
nously, the intravenous method appears 
preferable for the following reasons. (qa) 
There is no interference by the complex 
process of ingestion and there is little 
waste of radioactive material. (b) The 
uptake of radiophosphorus by the tissues 
involved in the pathological processes is 
higher than with the oral method (53a-d). 
(c) With intravenous administration a 
more accurate relationship is maintained 
between the amount retained and the dose 
administered than is possible by the oral 
method. 

We have discussed the dosage and the 
utilization of radiophosphorus but it must 
be remembered that the entire amount of 
phosphorus, both active and inactive, 
enters into the metabolic processes. As 
has been pointed out, only an extremely 
small percentage of the phosphorus atoms 
retained in the body are active. Obviously, 
the higher the percentage of radioactive 
atoms, the greater will be the density of 
radiation per cubic centimeter of tissue 
resulting from the administration of a 
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given total amount of sodium hydrogen 
phosphate. Hence, the higher the specific 
activity of any sample the less will be the 
total amount of sodium hydrogen phos- 
phate needed to administer a certain dose. 

Because a high retention of a single dose 
of radiophosphorus was noted in early ex- 
perimental studies, the use of single doses 
infrequently administered seemed an ap- 
propriate means of giving continuous ir- 
radiation to the marrow, particularly in 
myelogenous leukemia, whereas smaller, 
more frequently administered doses seemed 
more logical in treating the usually greater 
involvement of soft tissue found in lym- 
phatic leukemia. Previous publications 
(53a-d, 6la and c) have summarized the 
results obtained. In general, the method of 
treatment consisted in the oral or intra- 
venous administration of single doses of 
1,000 to 6,000 microcuries, and in rare in- 
stances up to 10,000 microcuries. The first 
dose was followed at irregular intervals by 
similar treatments, depending on the blood 
count and on the general condition of the 
patient. In many cases complete remis- 
sions for months or even years were pro- 
duced. Similar encouraging results were 
observed by other workers (545), using the 
oral administration of somewhat smaller 
doses at shorter intervals. It is true that 
in certain cases less satisfactory responses 
were observed. Moreover, large doses 
produced symptoms of radiation sickness 
more frequently than small doses. 

After three years’ experience it seemed 
clear that, although the results obtained 
could be favorably compared with those 
achieved by other methods (x-ray and ar- 
senic), nothing strikingly different was 
being observed. We had been unable to 
adopt a routine for the handling of chronic 
leukemia with radiophosphorus until a 
certain clinical experience had been ob- 
tained; now, with this experience in the 
background, it seemed important to at- 
tempt to follow a more specific plan in 
order to gather statistical information for 
comparison with other methods. Because 
of individual variations in patients, we 
have been able to follow such a plan only 
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in part. For several reasons the use of 
frequently administered doses of phos- 
phorus over a relatively long period seemed 
worthy of trial. First, cells are known to 
be more radiosensitive at one stage of the 
mitotic cycle than at any other. All cells 
do not reach that stage at the same time, 
and it is not possible to predict when it will 
be reached by any cell. Hence, the main- 
tenance of continuous irradiation may 
affect more cells than interval irradiation 
even when the level of the continuous ir- 
radiation is lower than the peak of the 
interval method. Second, biopsy and 
autopsy studies have shown that the 
amount of radioactive phosphorus retained 
by the body from a given total amount is 
considerably higher when the total amount 
is administered in small fractions than 
when given as a single dose (62). Third, 
other laboratory studies have shown that 
the utilization of phosphorus depends 
upon the need of tissue cells for this metab- 
olite (24a-c). This need is greatest at the 
time of mitosis. Thus with the adminis- 
tration of repeated small doses the radio- 
active phosphorus will be more continu- 
ously present for utilization by those cells 
approaching mitosis than when it is ad- 
ministered at less frequent intervals. 
Fourth, in previous investigations it was 
found that the body is incapable of utilizing 
more phosphorus at one time than its daily 
requirement. Hence, small doses, which 
keep the amount of phosphorus furnished 
in connection with treatment below the 
daily level, result in a better utilization of 
the radioactive phosphorus. Finally, it 
has been found that in patients with de- 
pressed erythropoietic activity larger doses 
may result in a further depression of this 
process. 

In view of the foregoing considerations 
the method of frequent fractional doses 
has been adopted for the time being; but 
in presenting it, we do not recommend 
it as the best method. A better means 
may be developed. 

By no method of administration of radio- 
phosphorus is it possible to maintain 4 
continuously uniform exposure. The term 
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Figs. 2-4. Methods of administration of radiophosphorus. 


“radiation level” refers to the maximum 
total exposure of the body attained at the 
time of administering each dose. Fluctua- 
tions are caused by the fact that neither 
the initial dose nor any additional doses 
are wholly utilized in the first instance; 


nor, because of its natural decay, does the 
activity of the phosphorus remain the 
same. 

In practice the radiation level is calcu- 
lated by the use of the percentage of re- 
tention factors shown in Table I. From 
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this table the amount retained for the first 
three days is calculated on the basis of the 
percentage of the dose administered. For 
the succeeding days the percentage of the 
dose retained on the third day is used as the 
basis for calculation. Fractions of per 
cents have been omitted from the table, 
because accuracy to that degree is of no 
clinical importance. These calculations 
are based on excretory findings in only a 
small series of patients and consequently 
this table may have to be revised as further 
data concerning excretion are accumulated. 

Examples of the procedure for calcu- 
lating the radiation level are graphically 
illustrated in Figures 2, 3, and 4. In the 
theoretical case illustrated by Figure 2, 
an initial dose of 3,000 microcuries is given 
at the onset of treatment. By the third 
day 23 per cent of the radioactivity has 
been lost by excretion and decay, so that 
77 per cent of the administered dose, or 
2,300 microcuries, remains. To re-estab- 
lish the 3,000 level 700 additional micro- 
curies of radiophosphorus are given. In 


determining the radiation level on the 
sixth day, it is calculated that the 700 


microcuries administered on the third 
day have deteriorated to 77 per cent, or 
539, while the 2,300 remaining on the third 
day from the first dose have deteriorated to 
83 per cent, or 1,910, as determined from 
Table I. The éotal remaining activity is 
2,449 microcuries. Thus, on the sixth day 
551 microcuries are administered to re- 
establish the level of 3,000. To determine 
the level on the ninth day the deterioration 
of the doses given on the first and third 
days need not be calculated separately, 
but the total figure of 2,449 is taken and 
the deterioration is calculated according to 
the factor for the sixth day in Table I 
(83 per cent) since, after the third day, 
both deteriorate at the same rate. The 551 
microcuries naturally have deteriorated 
to the 77 per cent level established for the 
first three days after administration. From 
this time on the same principle is followed, 
namely, each dose given is calculated as 
deteriorating for the first three days to 
77 per cent and that amount is added to 
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the total remaining in the body from aj 
previous doses. From the third day after 
the last dose the deterioration is uniform 
for the retained amount from all preceding 
doses. 

The foregoing method of treatment js 
somewhat similar to the saturation technic 
described by Pfahler for x-ray therapy and 
hence is called ‘‘the simple saturation 
method.”’ The initial fraction may be any 
predetermined dose, but the principle is 
to maintain the initial level by frequent 
additional fractions. The simple satura- 
tion method is the one of choice when the 
patient’s general condition is such that he 
can stand the effect of rather sudden irra- 
diation. The level must be selected in 
advance and maintained until the desired 
response is obtained. 

A second method, illustrated by Figure 
3, is to give an initial fraction followed by 
similar or slightly higher fractions every 
second or third day, in order to build up 
the accumulated radiation to any desired 
level. Once attained, this level may be 
held by the administration of additional 
fractions at similar intervals. At present 
we are using from 200 to 500 microcuries 
for the initial fractions; in general, each 
subsequent dose does not exceed 1,500 
microcuries. This we call the ‘‘fractional 
saturation’ method. It has the advantage 
of a more gradual approach to the ulti- 
mate radiation level. The effect of the 
first few small doses gives an indication of 
the sensitivity of the pathological tissue 
and provides a means of estimating what 
radiation level will be required. The level 
can be adjusted from time to time accord- 
ing to the response. When patients are 
hospitalized or live at a distance and quick 
results are desired, either of these satura- 
tion methods is to be preferred. 

A third method, illustrated by Figure 4, 
consists in giving equal fractions at regular 
intervals, say once a week, or even every 
two weeks, and continuing until the de- 
sired effect is reached. We suggest that 
the fractions used be from 500 to 3,000 
microcuries and that the accumulated 
radiation does not exceed a level of 8,000 
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microcuries. This method is called the 
“fractional method.” # The fractional 
method with weekly intervals is often ad- 
visable when the patient is not incapaci- 
tated and desires to continue at work. In 
the interest of his general condition it is 
sometimes advisable to produce a slow re- 
gression of the pathological condition 
rather than an abrupt effect. When, after 
the second dose, the response is favorable, 
seven doses of 1,000 to 1,500 microcuries 
usually suffice to produce a remission. If 
the response is too rapid, the individual 
fractions may be reduced in size or the in- 
tervals between the doses may be length- 
ened. 

In the figures reproduced here, and de- 
scribed above, we have assumed that one 
can give the exact number of microcuries 
necessary to establish a specific level. 
The solution of sodium hydrogen phos- 
phate on hand at the time of adminis- 
tration, however, is not likely to have an 
even number of microcuries per c.c. Sup- 
pose that it is decided to give 1,000 micro- 
curies. It is found that the solution has an 
activity of 261 microcuries per c.c. It is 
more accurate to give 4 c.c., which will 
contain 1,044 microcuries, than to try 
to subtract the exact fraction of a cubic 
centimeter that would contain the extra 
44 microcuries. In charting the dose, how- 
ever, the exact number of microcuries 
given is entered rather than the number 
previously selected. This causes small 
fluctuations in the curve which will be 
noted in the charts of the patients, but 
they are not important clinically. 


MANAGEMENT OF LEUKEMIC PATIENTS 


It must be remembered that, after the 
administration of the last fraction of radio- 
phosphorus, some biologically active radi- 
ation will remain in the body for 25 days 
or more, depending on the level. Because 
of this, the administration of radiophos- 
phorus is stopped at that time when it is 
felt that the persisting radiation will be 
sufficient to bring about the desired effect. 
When the white count falls to about 30,000 
the intervals between treatments should 
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be lengthened and the trend of the count 
observed. If the leukocyte count reaches 
a reasonably constant level above 10,000, 
one or two additional radiophosphorus 
doses of the same size as those used to main- 
tain the previous radiation level will usu- 
ally suffice to bring the count down to 
normal. Naturally, we do not consider 
the total white cell count as the only index 
of the necessity for further irradiation. 
The number and type of pathological cells 
must be considered even more carefully. 

Whatever method of treatment is used, 
when the first course has been completed, 
in some cases it is our present practice to 
administer additional doses of 400 to 800 
microcuries at intervals of three to four 
weeks in order to maintain a low radiation 
level in the body for a period of several 
months; in other cases we have waited 
for slight changes in the blood picture or 
in the patient’s condition. 

Before any plan of treatment is selected, 
the patient’s general condition must be 
evaluated carefully. In addition to a 


complete hematological examination, a 


sternal puncture or biopsy, and if possible 
a node biopsy, should be obtained. If, 
before any method of treatment is initiated, 
a very small dose of from 6 to 9 microcuries 
per kilogram of body weight is given, the 
early (twenty-four-hour) reaction to inter- 
nal radiation can be determined. Studies 
of the distribution of this radiophos- 
phorus in the different blood elements may 
help to verify the true character of a doubt- 
ful condition. Previous studies (63) have 
shown more or less typical patterns of up- 
take of radiophosphorus in the various 
blood elements for normal persons and for 
patients with leukemia, polycythemia, and 
polycythemia with leukemoid reaction. 
When the red cell count is below 2,500,000 
and the hemoglobin level is below 7 gm. per 
cent before the beginning of treatment, 
the initial doses have not exceeded 200 
microcuries and they are spaced at least 
two days. apart. Eve . after such small 
doses, if there is a decrease in these levels, 
treatment is suspended until they are re- 
stored by means of transfusions. 
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PATIENTS TREATED IN THE CROCKER RADIATION LABORATORY 





SL 





Number of 


Type of Disease Patients 


Number of Patients Living 


1941 


1¢ 
(to June) 


1939 1940 





Myeloid leukemia 13 
Lymphoid leukemia 4 
Polycythemia vera 0 
Hodgkin’s disease 0 
Multiple myeloma 0 
Lymphosarcoma 

Other 


Myeloid leukemia 
Lymphoid leukemia 
Polycythemia vera 
Hodgkin’s disease 
Multiple myeloma 
Lymphosarcoma 
Other 


Myeloid leukemia 
Lymphoid leukemia 
Polycythemia vera 
Hodgkin’s disease 
Multiple myeloma 
Lymphosarcoma 
Other 


Myeloid leukemia 
Single dose 
Fractionated dose 

Lymphoid leukemia 
Single dose 
Fractionated dose 

Polycythemia vera 

Hodgkin’s disease 

Multiple myeloma 

Lymphosarcoma 

Other 


9 


3 
2 1 





* 4 acute cases among 6 patients not living. 
t 1 acute case among 4 patients not living. 


The criteria used to govern the course 
of treatments are much the same as those 
used for other methods of treating leukemia 
and need not be discussed in detail here. 
It has been observed that a definite drop 
in the number of, or complete disappear- 
ance of, reticulocytes or platelets often 
precedes an undesirable decrease in the 
hemoglobin and red cell levels. The reticu- 
locyte and platelet counts are therefore 
considered a valuable guide in prognosis 
and treatment. During the treatment, 
hematological studies are made every 
second or third day in order to watch the 
red cell level, the platelet and reticulocyte 
counts, as well as the number of normal 
and abnormal leukocytes. In some cases 
it has been noticed that, after the first or 
second fractional dose, there may be a 
transitory increase of the total white cell 
count. In other cases, the total white cell 
count remains unaffected until a certain 


t 1 acute case among 3 patients not living. 


radiation level in the body has been 
reached. Neither of these responses is to 
be regarded as a reason for the interrup- 
tion of radiophosphorus therapy. After 
a period of complete or partial remission, 
when the number of abnormal cells in- 
creases, even though the total peripheral 
white cell count is only slightly if at all 
increased, treatment is reinaugurated. It 
has been found that in such cases the 
normal levels can be reached with 4 to 5 
doses, each below one millicurie, unless the 
patient is developing a terminal leukemia. 


RESULTS 


In evaluating a new method of treat- 
ment, the only reliable criterion for com- 
parison with other methods is its curative 
value, or its relative ability to prolong 
comfortable life. The problem becomes 
difficult when one deals with chronic 
leukemia, since in this condition there is 
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such a great variation in length of life, 
regardless of the method of treatment, and 
jong remissions are well known. Conse- 
quently, we cannot yet measure properly 
the therapeutic powers of these new radio- 
active substances, nor can we finally 
recommend the most desirable method for 
their use in therapy. The uniformly dis- 
couraging results usually obtained in this 
difficult group of diseases, by any or all 
methods, is again emphasized by Table II, 
which is of value chiefly as giving the 
number of patients that have been treated 
in the Crocker Radiation Laboratory by 
one method or another. It is, of course, 
true that most of these patients have been 
treated first by other methods and have 
arrived often in poor general condition. 
This statement is borne out by the fact 
that since 1936, when the first case of 
leukemia was treated with radiophosphorus, 
there has been the opportunity of treating 
only 23 previously untreated patients 


with chronic myelogenous leukemia and 
17 with chronic lymphatic leukemia. Of 
the former, 15 are alive, and of the latter, 


10. The ultimate answer as to possible 
greater prolongation of life in any or all 
of these diseases must wait several years. 
The increasing experience of a number of 
different groups of investigators, working 
with varying groups of patients and di- 
verse methods of treatment, will eventu- 
ally establish the correct method for using 
radiophosphorus and determine its value. 
(A) Chronic Lymphatic Leukemia. The 
response of patients with lymphatic 
leukemia to treatment with radioactive 
phosphorus has been in a general way 
similar to that obtained with other forms 
of radiation therapy. Acute lymphatic 
leukemia has been as resistant to radio- 
phosphorus as it is to x-ray and therefore 
is not considered at the present time. 
Whether patients with chronic lymphatic 
leukemia will survive longer, or will be 
made more “‘normal”’ for the period during 
which they do survive, than following ex- 
ternal irradiation, is not yet apparent. 
The theoretical reasons mentioned in the 
preceding sections for expecting that radio- 


THERAPEUTIC USE OF RADIOACTIVE SUBSTANCES 


583 


phosphorus will be more valuable, and the 
practical results obtained, leave no doubt 
in our minds as to the necessity for explor- 
ing very thoroughly the value of radiophos- 
phorus in the treatment of this disease. 

In the general management of patients 
with lymphatic leukemia the principles 
enunciated in a previous section are ob- 
served. In addition to the blood picture, 
the size of the lymph nodes is used as an 
indication for therapy. Whenever nodes 
become enlarged without any correspond- 
ing change in the blood picture, doses of 
around 500 to 800 microcuries are ad- 
ministered at intervals varying from a week 
to a month. No attempt is made to build 
a radiation level in the manner described 
above, but the aim is to keep a small amount 
of radiation in the body for prolonged 
periods of time. The intervals between 
doses and the exact size of each dose are 
governed by the response of the nodes and 
the state of the peripheral blood. The fol- 
lowing case histories are illustrative of the 
methods in use in treating these patients. 


Case 1: C. M. H., white male 41 years old, an 
electrician, was admitted Oct. 25, 1941. The diag- 
nosis of chronic lymphatic leukemia was established 
three years previously on the basis of a blood count 
taken after an attack of syncope following a pro- 
phylactic dose of sulfanilamide for a ‘“‘cold.”” The 
patient had been troubled for years with recurrent 
colds and sore throats. For the past three years the 
patient had noted increasing fatigue. One year 
previously he began to notice enlargement of the 
spleen associated with a dull ache. For the four 
months immediately preceding admission he com- 
plained of increasing weakness and fatigue. His 
temperature had fluctuated between 100° and 101° 
F. and there was a weight loss of 35 pounds. Two 
courses of treatment with Fowler’s solution had been 
given, one at the time the diagnosis was established 
and one six months prior to admission, but there had 
been no x-ray therapy. 

The patient was a large, well developed, well 
nourished male in poor general condition, with 
marked pallor. Both tonsils were greatly enlarged. 
There was generalized enlargement of all peripheral 
lymph nodes. The spleen was enlarged to midway 
between the umbilicus and the pubis. The liver 
was palpable and descended with deep inspiration. 
The blood -count on admission was: hemoglobin 
9.2 (Osgood-Sahli); red cells 2,960,000; white cells 
1,020,000; polymorphonuclear neutrophiles 2 per 
cent; small lymphocytes 97 per cent; prolympho- 
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cytes 1 per cent; platelets 133,400; reticulocytes 
0.5 per cent. 

The first course of treatment and the hematological 
response are illustrated graphically in Chart 1. Be- 
cause of the poor condition of the patient and the low 
level of his hemoglobin and red blood cells, the frac- 
tional saturation method was decided upon. The 
initial doses in microcuries were as follows: Oct. 25, 
456; Oct. 27, 1,035; Oct. 29, 945. For the first two 
days the number of leukocytes increased, but on the 
6th day it decreased sharply. Because of this de- 
crease, the size of the doses was diminished and ad- 
justed slightly so as to hold the radiation level almost 
constant at 1,700 microcuries until Nov. 19 (Oct. 31, 
757; Nov, 3, 471; Nov. 6, 405; Nov. 8, 186; Nov. 
10, 178; Nov. 13, 281; Nov. 15, 276; Nov. 17, 335; 
Nov. 19, 222). At this time the patient’s white blood 
count had dropped to 400,000 and was apparently 
remaining at that level. For this reason it was de- 
cided to increase the individual dose and to increase 
the intervals between treatments so as to allow a 
longer period of observation of the effect of the larger 
dose. Consequently the following doses were given: 
Nov. 22, 658; Dec. 6, 512; Dec. 12, 646; Dec. 17, 
1,134; Dec. 29, 1,290; Jan. 10,1,110; Jan. 16, 1,150. 
At this time the hematological response was satis- 
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Chart 1. Case 1: Chronic lymphatic leukemia, treated by radiophosphorus. 


factory and on Jan. 30 the blood count was as follows: 
hemoglobin 13.6 gm.; red cells 5,790,000; white cells 
9,900; polymorphonuclear neutrophiles 29 per cent; 
small lymphocytes 68 per cent; prolymphocytes 2 
per cent. 

In addition to the radiophosphorus the patient 
was given 10 per cent hydrochloric acid with his 
meals and iron in the form of Feosol. Within one 
month after beginning the treatment, the spleen and 
lymph nodes had markedly decreased in size and 
there was a pronounced clinical improvement. In 
December the patient was able to work as a watch- 
man, which work required long and irregular hours. 
In the middle of March he developed a severe sore 
throat associated with a slight increase in the white 
blood count and an increased percentage of lym- 
phocytes. Because of this he was given a dose of 520 
microcuries on March 18 and 499 microcuries on 
March 30. His total count returned to normal. At 
the beginning of May his white blood cell count rose 
to 23,500 with 75 per cent lymphocytes. At the same 
time the red blood cell count increased to 7,000,000, 
suggesting some bone marrow irritation. It was 
considered necessary to resume treatments and the 
following doses were given: May 5, 990; May 18, 
990; May 22, 554; May 24, 480. Following this the 
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blood levels again returned to normal. At the end 

of July there was a very slight increase in the number 
of lymphocytes, as well as a rather insignificant in- 

crease of the total white blood cell count to 18,650. 
Three treatments, each 1,000 microcuries, were given 
at weekly intervals and the count was again at a 

normal level when the patient was last observed in 

August 1942. Since December 1941 he has been 
normally active in his occupational duties. 

Case 2: M. P., white female 60 years old, a prac- 
tical nurse, was admitted May 2, 1941, with the 
diagnosis of chronic lymphatic leukemia, established 
prior to admission on the basis of a blood count 
taken while she was hospitalized for a fracture of the 
8th thoracic vertebra. The fracture occurred while 
lifting a patient. The family and personal histories 
were non-contributory. The chief complaints on 
admission were backache and painful spots on 
the left thigh, resembling “‘boils.””. These had ap- 
peared the week preceding admission. There had 
been no previous treatment for the leukemic con- 
dition. 

The patient appeared to be in fair condition. 
The inguinal lymph nodes were enlarged. The 
spleen was palpable 3 cm. below the costal margin. 
The liver was not palpable. On the inner surface of 
the left thigh was a purplish, hard, infiltrated nodule 
3to4cm. in diameter. This was extremely sensi- 
tive to touch. Similar areas were visible on the 
inner surface of the calf cf the same leg. The blood 
count on admission was as follows: Hemoglobin 
12.2 gm.; red cells 5,500,000; white cells 92,400; 
polymorphonuclear neutrophiles 16 per cent; small 
lymphocytes 76 per cent; prolymphocytes 5 per 
cent; large lymphocytes 3 per cent; platelets 
192,000; reticulocytes 0. 

Radiophosphorus treatment by the fractional 
method was decided upon. The first three treat- 
ments were as follows: May 2, 596; May 6, 587; 
May 13, 371 microcuries. This very slow saturation 
method was chosen in order to avoid the possibility 
of a rapid breakdown of the pathological tissue in 
the fractured vertebra and thus to avoid any fur- 
ther destruction of this vertebra. After a twelve- 
day interval, when a definite improvement in the 
blood condition was observed, with no disturbance 
in the healing process of the fracture, a more ener- 
getic course on a higher level was employed. The 
radiation level was kept around 3,000 microcuries 
with slight fluctuations for two months, and on 
Aug. 2, when the blood count was down to around 
16,000 and the differential count also showed im- 
provement, the course of treatment was finished. 
One month after this first course of treatment was 
completed a single dose of 2,100 microcuries was 
given orally and two months later a further 478 
microcuries intravenously. 

Since that time no further treatment has been 
given. The lymph nodes and spleen have remained 
impalpable. The original weight has been regained. 
The fracture healed completely and the patient has 
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been uninterruptedly active as a practical nurse 
since September 1941. Blood counts are being 
made at frequent intervals. 


These two case histories have been given 
to illustrate the method of handling pa- 
tients with chronic lymphatic leukemia at 
the present time. Not all of the patients 
have responded as well as these two; on the 
other hand, some patients have done well 
for over three years, receiving single doses 
administered at infrequent intervals. 

(B) Chronic Myelogenous Leukemia: 
Acute myelogenous and monocytic leu- 
kemia have not responded to our present 
methods of administering radiophosphorus. 
It has been noticed, however, that in sev- 
eral patients the fulminant severity of the 
symptoms was checked temporarily. Ex- 
amples of the fractionated radiation tech- 
nic in the handling of chronic myelogenous 
leukemia follow: 


Case 3: A. W., 12-year-old white female, was 
admitted June 14, 1941, with the diagnosis of chronic 
myeloid leukemia. No previous treatment had been 
given. The family and personal histories were non- 
contributory except that the patient had always 
been somewhat frail and inclined to have frequent 
nose and throat infectious colds. She was a pale, 
emaciated child, with slightly enlarged cervical and 
inguinal lymph nodes. The heart was slightly dis- 
placed toward the right but was not enlarged. There 
was a systolic murmur over the apex. The left side 
of the diaphragm was about three finger breadths 
higher than the right. The abdomen was protuber- 
ant and the umbilicus distended. The greater part 
of the abdomen was occupied by a tender, hard, ex- 
tremely enlarged spleen. The stomach was displaced 
to the upper right epigastrium. The liver was en- 
larged about a finger breadth below the costal mar- 
gin. Blood count on admission was as follows: 
hemoglobin 6.7 gm.; red cells 2,070,000; white cells 
380,500; neutrophiles 31 per cent; eosinophiles 
5 per cent; basophiles 6 per cent; metamyelocytes 
14 per cent; myelocytes 36 per cent; blasts 8 per 
cent; nucleated red cells 5 per 100 red blood cells. 

The first course of therapy and the hematologic 
response are illustrated in Chart 2. The low satura- 
tion level in this case was determined upon as a pre- 
caution against further impairment of erythropoiesis. 
The patient received the following doses in micro- 
curies: June 16, 471; June 17, 1,314; June 21, 1,928 
(orally); June 24, 1,491; June 27, 960; July 1, 1,120; 
July 11, 605; July 19, 860; July 23, 1,035; July 26, 
1,018; July 30, 1,130; August 2, 612; August 7, 
1,584; August 27, 1,910 (orally). After one month 
of treatment it was deemed advisable to reduce the 
initially high radiation level in order to determine 
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Chart 2. Case 3: Chronic myelogenous leukemia, treated by radiophosphorus. 


whether the radiation already administered would 
be adequate to promote a gradual decrease in the 
number of white cells. It was desirable, also, be- 
cause of the small number of red blood cells. Since 
the red blood cell count and the hemoglobin levels 
continued to show further improvement, and since 
there was no further decrease of the white blood 
count, the higher therapy level was gradually re- 
stored. A remission beginning about the middle of 
August continued up to January 1942. During this 
period no nodes were palpable. The left side of the 
diaphragm had returned to its normal position; the 
spleen was barely palpable; the patient gained 20 
pounds, entered puberty, and felt well. The blood 


count on Sept. 24 was: hemoglobin 13.8 gm.; red 
cells 5,180,000; white cells 10,300; platelets 145,000; 
reticulocytes 0.8 per cent; neutrophiles 71 per cent; 
metamyelocytes 1 per cent; myelocytes 6 per cent; 
lymphocytes 16 per cent. 


A dose of 1,000 micro- 


curies of radiophosphorus was administered in the 
middle of September, another dose of equal size at 
the beginning of December, and a third dose in 
January. This last dose seemed necessary because 
of a slight increase of total white blood cells (from 
7,000 to 17,000) and of the number of pathological 
cells. At this time the patient contracted a transi- 
tory upper respiratory tract infection. This was not 
associated with any apparent decline in the general 
condition. Following the treatment the white blood 
count and the differential returned to almost normal. 
In the latter part of January the patient had an 
attack of “flu.” This was followed by a rise in the 
white blood count which was characterized by the 
appearance of a large number of blasts. Treatment 
was reinaugurated and the patient received the fol- 
lowing doses: March 9, 1942, 418; March 1I, 
1,008; March 16, 520; March 18, 520; March 20, 
570; March 21, 553; March 22, 540 microcuries. 
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Despite treatment the number of abnormal cells in 
the peripheral circulation increased, while the hemo- 
globin and red blood cell count decreased to a point 
where further irradiation seemed contraindicated. 
The spleen enlarged rapidly and the patient entered 
a terminal stage and expired April 16, 1942. 


Reconsidering the course of the disease 
in this patient, we are inclined to believe 
that the treatment should have been re- 
inaugurated to a full course in December, 
at the time when the first slight increase 
of the total count occurred and a few 
blast cells reappeared in the peripheral 
blood. This may have prevented the rapid 
onset of the terminal phase, although leu- 
kemia in children is notably resistant to 
treatment of any form, including irradi- 
ation. In our previous experience with 
two cases of chronic myelogenous leukemia 
in children, using infrequently adminis- 
tered doses, complete remissions lasting two 
years have been observed. One of these 
patients is now alive and continues in re- 
mission with the administration of infre- 
quent small doses. 


Case 4: I. M., white female 44 years old, house- 
wife, was admitted Sept. 2, 1941, with the diagnosis 
of chronic myelogenous leukemia, established a few 
days prior to admission. No previous treatment 
had been given. The family and personal histories 
were non-contributory. Chief complaints on ad- 
mission were weakness, weight loss, and pains. in 
the legs and back, of recent onset. 

The patient was fairly well nourished and in fair 
condition. The cervical and inguinal lymph nodes 
were slightly enlarged and shotty. The spleen was 
enlarged to the umbilicus. The liver was palpable 
one finger breadth below the costal margin. Blood 
count on admission was: hemoglobin 10.1 gm.; red 
cells 3,970,000; white cells 342,400; polymorpho- 
nuclear neutrophiles 43 per cent; metamyelocytes 
11 per cent; myelocytes 36 per cent; progranulo- 
cytes 2 per cent; myeloblasts 2 per cent; eosino- 
philes 1 per cent; basophiles 5 per cent; lympho- 
cytes 0 per cent; nucleated red cells, 5 per 100 red 
blood cells; platelets 166,740; reticulocytes 4 per 
cent of total red blood count. 

The oral route of administration was selected and, 
tn accordance with the principles of the fractional 
method, the radiation level was built up to a 5,000 
microcurie level. The blood counts improved very 
rapidly. On Oct. 11, 1941, hemoglobin was 13.2 
gm.; red cells 4,900,000; polymorphonuclear neu- 
trophiles 77 per cent; metamyelocytes 3 per cent; 
myelocytes 2 per cent; eosinophilic leukocytes 
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1 per cent; basophiles 6 per cent; lymphocytes 11 
per cent. 

The previously palpable lymph nodes disappeared. 
The patient gained 10 pounds in weight and was 
able to engage in all her normal activities. At times 
no pathological cells were found in the blood smear. 
She stayed in this condition with very slight fluctua- 
tions of the blood count for eight months. In Janu- 
ary 1942, when there was an indication that a relapse 
might occur (the total white count rose to 20,000), a 
full course of therapy was given, reaching a level of 
4,500 microcuries by five doses within four weeks. 
The white cell count promptly returned to normal. 
In May the white cell count rose suddenly to 50,000 
with 46 per cent myeloblasts and the red blood cell 
count and hemoglobin dropped considerably. This 
blood picture was associated with headache and 
dizzy spells. Treatment was immediately resumed. 
A radiation level of 4,500 microcuries was built up 
in about twenty-five days and kept on a 4,000 level 
with slight fluctuations for another twenty days. 
At this writing the patient is again in a remission, 
and extraction of an abscessed tooth was recently 
carried out without hemorrhage or other complica- 
tion. At the time of the relapse in May there was 
much doubt as to the value of any further treat- 
ment because it was thought that the patient might 
be in the terminal stage of her condition. Now it is 
believed that the early detection of the relapse facili- 
tated the production of a remission. 


complete hematological 
in chronic 
myelogenous leukemia than in lymphatic 
leukemia, and this has been our experience 
while using radiophosphorus, regardless 


More nearly 
remissions are seen oftener 


of the technic of administration. Four 
patients with chronic myelogenous leu- 
kemia who were treated with infrequent 
single doses continue to be in remission 
after two to four years. The longest dura- 
tion is in Case 2 of a group described in 
Rapio.Locy, 1940 (55a). Again it must be 
emphasized that our knowledge of how to 
handle leukemia is tentative. Many more 
patients must be treated before conclusions 
can be drawn as to the best course to follow. 

(C) Polycythemia Vera: In the last 
two and a half years radioactive phos- 
phorus has been used in the treatment of 
polycythemia vera. This disease appeared 
likely to be affected favorably by radio- 
active phosphorus because its primary site 
is in the bone marrow and because it is 
related to leukemia. As is well known, it 
is more benign in its manifestations and 
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more chronic in its course than leukemia. 
At present an initial dose, varying from 


5,000 to 7,000 microcuries is given and re- 
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peated after three to four weeks. In many 
instances this suffices to reduce the red 
cells and hemoglobin to normal or nearly 
normal levels, and to bring about an im- 
provement of the general condition. [py 
those patients with a simultaneous involve- 
ment of the leukopoietic system the 
“simple saturation method” of radiophos- 
phorus administration is being used. An 
initial dose of 4,000 to 5,000 microcuries 
is followed by bi-weekly additional 
amounts to keep up the initial level over a 
period of three to five weeks. The first 
signs of a satisfactory response usually 
become noticeable six to eight weeks after 
the inauguration of treatment. Complete 
or partial remissions, lasting from several 
months to as long as two years, have been 
observed in 11 of the 14 patients who have 
been followed for a sufficient length of 
time. Five additional patients have been 
treated but have not been observed for 
more than two months. In case of a re- 
lapse the original course is repeated. Case 
5 (Chart 3) illustrates the course of treat- 
ment and the usual hematological re- 
sponse in patients with polycythemia vera. 


Case 5: P. E. W., white male aged 50 years, a rail- 
road engineer, was admitted Sept. 17, 1940, with the 
diagnosis of polycythemia vera rubra. Frequent 
phlebotomies had kept the condition under moder- 
ately satisfactory control. Personal and family 
histories were non-contributory. Chief complaints 
on admission were severe headache, dizziness and 
fatigue, loss of weight, and attacks of extensive 
bleeding from the urinary tract. The patient had 
been incapacitated for work for several months pre- 
ceding admission. 

The patient was well nourished and in fairly good 
general condition. The spleen was palpable two to 
three finger breadths below the costal margin. The 
blood count on admission was: hemoglobin 138 per 
cent; red cells 6,800,000; white cells 8,000; poly- 
morphonuclear neutrophiles 76 per cent; lympho- 
cytes 17 per cent; monocytes 7 per cent; nucleated 
red cells, 1 per 100 red blood cells; platelets 140,000; 
reticulocytes 1.4 per cent of the total red blood 
cells. 

The course of treatment and the hematological re- 
sponse are indicated in Chart 3. It is of interest to 
note that the patient experienced marked subjective 
improvement within the first month of treatment, 
although the hemoglobin and red blood cell levels 
did not approach normal limits until six months 
later. The attacks of bleeding from the genito- 
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urinary tract continued for several months after the 
inauguration of treatment, but despite this the pa- 
tient was able to resume his work as a locomotive 
engineer. Six months after the beginning of treat- 
ment he was in a complete remission. His general 
condition was excellent, he had returned to his normal 
weight, his hematological levels were normal, and 
his spleen was barely palpable at the costal margin. 
In November 1941, eight months after the onset of 
the remission, a rise of the red blood cell count to 
7,220,000 indicated the necessity for further treat- 
ment. Accordingly, a single dose of 7,400 micro- 
curies of radiophosphorus was administered. The 
exacerbation had been preceded a month earlier 
by arise of the reticulocytes to 2.6 per cent and was 
associated with a return of the symptoms of fatigue 
and headache. The spleen and liver, however, 
did not become palpable. This treatment was suffi- 
cient to bring about a return to normal and the pa- 
tient has again enjoyed a complete remission for the 
past eight months. 


(D) Lymphosarcoma: Thirteen patients 
with generalized lymphosarcoma have been 
treated since 1940. The immediate re- 
sponse has been satisfactory. The en- 
larged nodes usually disappeared and the 
general condition improved, in some cases 
returning to normal. It is too early, how- 
ever, to evaluate the results. Seven of the 
patients treated have died. 

Although the uptake and distribution of 
radioactive phosphorus in the involved 
lymph nodes of patients with lymphosar- 
coma and lymphatic leukemia are similar, 
the lack of marrow involvement in lympho- 
sarcoma makes the use of radiophosphorus 
seem less logical. In no patient treated 
for lymphosarcoma, however, even though 
it has been found necessary to build up a 
high radiation level, has the peripheral 
blood picture changed appreciably. Most 
patients with an established or suspected 
diagnosis of lymphosarcoma have been 
given a single dose of 10 to 15 microcuries 
per kilogram of weight three days prior to 
taking a biopsy of a lymph node. Parts 
of the node removed were assayed for 
radioactivity, other portions were used 
for making autoradiographs, and_ still 
other portions were sectioned for histologic 
examination. Hematologic studies were 
made prior to and at frequent intervals 
during and after the course of treatment. 
The following case history is illustrative. 
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Case 6: A. P., white female 66 years old, house- 
wife, was admitted June 8, 1941, with the diagnosis 
of generalized lymphosarcoma confirmed by biopsy. 
No treatment had been given prior to admission. 
The family and personal histories were not signi- 
ficant. The present illness began in December 1940, 
with an attack of “‘influenza’’ associated with en- 
larged nodes in the neck. 

The patient was weak, emaciated, and pale. The 
cervical lymph nodes were enlarged to about 10 cm. 
in diameter on the right side. There was a healing 
wound from a previous biopsy. The abdomen was 
protuberant and there was ascites. The inguinal 
nodes were considerably enlarged and the legs were 
edematous. 

The course of treatment is shown in Chart 4. The 
intravenous fractional saturation method was de- 
cided upon. The patient received 14 treatments 
in nine weeks and the highest saturation peak was 
6,000 microcuries. The elevation of the level from 
5,000 to a peak of 6,000 was decided upon when the 
huge abdominal masses, which were previously im- 
palpable because of ascites, became apparent. When 
these masses began to shrink and the patient's condi- 
tion improved considerably, the lower level was re- 
stored, followed by a slow decline. In the course of 
this further treatment the abdominal tumors disap- 
peared and the nodes in the neck and groins became 
impalpable. After the end of July 1941, the patient 
felt entirely well and was free of all symptoms. 
No further treatment was given until the middle of 
June 1942, when a swelling of the face indicated in- 
volvement of the lymphatics in this region. A new 
course of treatments was started, the following 
doses of radiophosphorus being given: June 15, 
1,400; June 17, 944; June 19, 970; June 22, 1,344; 
June 24, 912; June 29, 960 microcuries. The swell- 
ing disappeared during the course of treatment 
and the patient is again in complete remission with 
no palpable nodes on the surface or in the abdomen. 
It is interesting to note that the peripheral blood 
levels remain practically unaffected by the treat- 
ments. 


(E) Hodgkin's Disease: The treatment 
of Hodgkin’s disease with radiophosphorus 
has produced no very satisfactory results. 
Nineteen patients have been treated. 
Temporary favorable responses have been 
observed only in those patients having 
had the disease for a short time and with 


but slight manifestations. The longest 
remission observed has not exceeded one 
year. At present a combination of x-ray 
and radiophosphorus treatments is being 
tried in a small number of patients. The 
demonstrable lymph nodes are treated 
locally with x-ray, and radioactive phos- 
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Chart 4. Case 6: Generalized lymphosarcoma, treated by radiophosphorus. 
phorus is given simultaneously once pose of carrying the patient through the 


weekly, in doses varying from 2,000 down 
to 500 microcuries, over a period of several 
months. Judgment must be withheld 
as to the value of this method until suffi- 
cient experimental and clinical evidence 
will permit critical evaluation. 

(F) Multiple Myeloma: The response of 
the 11 patients with multiple myeloma so 
far treated with radioactive phosphorus 
has not been uniform and has varied with 
the condition of the patient at the time 
radiophosphorus treatment was inaugu- 
rated. In some patients there have been 
marked relief of pain and a restoration to 
almost normal activity. There has been 
no appreciable change in the roentgeno- 
graphic appearance of the lesions. In the 
treatment of this disorder the problem of 
appropriate dosage and technic of adminis- 
tration is still under investigation. Larger 
single fractions at shorter intervals (two to 
three days) to build up a high radiation 
level quickly have recently been tried. 
Blood transfusions of 500 c.c. twice or three 
times a week have been given for the pur- 


period of severest depression of hemato- 
poiesis. Since the height of the anemic 
phase is reached about twenty-five to 
thirty-five days after inauguration of the 
intensive course of treatment, the patient 
must be kept under special care for at 
least two months after the course is fin- 
ished. The following case history demon- 
strates some potentialities of radiophos- 
phorus treatment of this disease. 


Case 7: C. A., white male aged 49 years, car- 
penter and machinist, was admitted Nov. 21, 1941, 
with the diagnosis of multiple myeloma established 
fifteen months previously. The family and personal 
histories were non-contributory. The chief com- 
plaint on admission was pain in the back. Previous 
x-ray treatment to the spine and left leg had af- 
forded some relief from pain. 

The patient was a pale, stocky man on crutches. 
The spine was held rigid and exhibited considerable 
weakness, with tenderness over the upper lumbar 
region, especially on the right. Roentgen examina- 
tion revealed widespread involvement of the bones. 
Several vertebrae showed compression fractures. 
The legs were somewhat atrophied but showed no 
palpable abnormalities and no tenderness. There 
was moderate muscular weakness of extension and 
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flexion of the feet with hyperesthesia to pin prick on 


poth legs. ; 
The treatment was started on Oct. 30, 1941, with 


an oral dose of 5,000 microcuries, but it was decided 
to use the intravenous fractional saturation method 
in the further treatment. The patient received the 
following fractions: Nov. 21, 1,360; Nov. 27, 
1,036; Dec. 1, 1,035; Dec. 15, 356; Dec. 17, 378; 
Dec. 22, 441; Dec. 26, 747; Dec. 31, 1,064; Jan. 
5, 750; Jan. 12, 840; Jan. 19, 530; Jan. 28, 1,005; 
Feb. 4, 1,440; Feb. 10, 1,050; March 4, 1,010; 
April 8, 780 microcuries. There was no adverse 
change in the blood levels during or after treatment. 
About one month after the inauguration of intra- 
yenous radiophosphorus treatment the patient 
started to walk with a cane. After one more month 
he was able to walk without support and to resume 
driving his automobile. He returned to work on a 
limited scale and has continued to stay in remission 
at this writing. 


(G) Metastatic Carcinoma: Radioactive 
phosphorus has also been used in the treat- 
ment of metastases in bone from carcinoma 
of the breast and other tumors, based on 
the experimental evidence of the high 
uptake and turnover of phosphorus by the 
neoplastic cells of animal tumors and the 
known concentration of phosphorus in 
bone. Studies regarding this problem are 
in progress. So far, however, they offer 
little encouragement, since the relatively 
high concentration of the radiophosphorus 
in the bone limits the amount of radiation 
that can be given without producing a 
marked anemia. When soft tissue nod- 
ules are present in addition to the bone 
involvement, the problem of adequate 
dosage becomes more complicated. 


OTHER RADIOACTIVE ELEMENTS AND 
COMPOUNDS 


Although the most extensive studies on 
laboratory animals and human beings 
have been carried out with radioactive 
phosphorus in sodium hydrogen phosphate, 
the réle of many other artificially produced 
radioactive elements in animal and human 
physiology and pathology has been investi- 
gated. From the point of view of clinical 
pathology, radioactive phosphorus in 
chromic phosphate, radioactive stron- 


tium, and radioactive iodine have been 
found to be of great interest. 
Chromic Phosphate: Experiments with 
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another phosphorus compound than the 
usual sodium hydrogen phosphate warrant 
mentioning. Radioactive phosphorus has 
been used in the preparation of the in- 
soluble compound, chromic phosphate, by 
Jones, Wrobel and Lyons (64). When an 
aqueous suspension of this compound was 
given intravenously to laboratory animals, 
it became concentrated selectively in the 
reticulo-endothelial cell system of the body. 
The highest concentrations were found in 
the liver, spleen, and bone marrow. It is 
beyond the scope of the present article to 
discuss the findings in detail. The selec- 
tive concentration suggests, however, that 
chromic phosphate might be of particular 
value in the treatment of primary and 
metastatic tumors of the liver and spleen 
and also in the treatment of neoplastic 
diseases arising in the reticulo-endothelial 
system. It has been given intravenously 
to human beings without any toxic effect. 
In one case of melanosarcoma with exten- 
sive liver metastases a definite, although 
temporary, benefit was observed. Experi- 
ments with this compound, however, are 
in the preliminary phase. They are men- 
tioned simply to indicate the possibility of 
chemical preparations of organ- or tissue- 
selective compounds containing radio- 
activated phosphorus or other elernents as 
radiating agents. 

Radioactive Strontium: The complex 
problem of calcium metabolism in physi- 
ological and pathological conditions stimu- 
lated a group of investigators (9d, 30, 31a, b, 
33) to study this question by using radio- 
active calcium. The selective uptake in 
bone suggested that radiocalcium might 
be another artificially activated element 
which could be used as a therapeutic 
agent, particularly for the treatment of 
bone tumors. It was early recognized, 
however, that its radioactive properties 
(half-life of 180 days and weak available 
activities) preclude its therapeutic use. 

The known chemical similarity and close 
physiological relationship between calcium 
and strontium stimulated the late Dr. 
Charles Pecher to investigate radiostron- 
tium (30, 3la, and b, 32). This element has 
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a half-life of fifty-five days and emits beta 
rays of an energy similar to those emitted 
by radiophosphorus (up to 1.6 Mev). 
Moreover, it can be easily prepared in rela- 
tively large amounts. In these investi- 
gations Pecher demonstrated that stron- 
tium is selectively concentrated in the 
bones in a manner similar to calcium and 
suggested its application for therapeutic 
purposes to primary and metastatic bone 
tumors. 

Subsequent clinical investigations with 
a 2.5 per cent aqueous solution of radio- 
active strontium lactate, given intrave- 
nously, have shown that it concentrates 
in growing osseous tissue whether normal 
or neoplastic. A group of patients with 
primary bone sarcoma and osteoplastic 
metastatic carcinoma has been treated 
experimentally. It is too early, however, 
to arrive at any definite conclusion. Here 
again present interest is focused on the 
problem of appropriate dosage, particu- 
larly since even the slightest overdose with 
radioactive strontium causes a marked 
suppression of hematopoiesis. It is hoped 
that radioactive strontium may become a 
valuable adjunct to external radiation 
treatment by considerably increasing the 
radiation in bone. 

Radioactive Iodine: This artificially pro- 
duced radioactive isotope is produced by 
deuteron bombardment of metallic tel- 
lurium in the cyclotron. While the 
iodine occurring naturally has an atomic 
weight of 126.9, the radioactive isotope 
produced by this type of bombard- 
ment has an atomic weight of 131. 
Its half-life of eight days makes it very 
suitable for use in therapy. The radia- 
tion emitted by this radioactive isotope 
consists of beta rays with an average 
energy of 200,000 electron volts and of 
gamma rays reaching a maximum energy 
of 400,000 electron volts. Eight other 
radioactive isotopes of iodine are known, 
but these are either more difficult to pre- 
pare in sufficient quantities or have a half- 
life unsuitable for therapeutic purposes 
(58). 

Experimental studies on laboratory ani- 
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mals have confirmed the previous findings 
(34d and e, 38a, b, d) that hyperplasia of 
thyroid cells is associated with a greater 
capacity for the concentration of iodine. 
Clinical studies have shown the increased 
and selective accumulation of radioiodine 
in the thyroids of patients with hyper- 
thyroidism. Hamilton and Soley, who 
have been leaders in these investigations, 
demonstrated that the accumulation is 
the highest in previously untreated patients 
and that Lugolization decreases the storage 
of radioiodine. Hamilton and Soley have 
treated 3 patients with radioiodine. Two 
of these responded favorably to one course 
of treatment, with clinical ‘‘cures’’ for a 
period of nine months, and one patient, 
after an initial remission, had a relapse 
which necessitated a second course of treat- 
ment to bring about a remission (65). 
These preliminary results are promising 
and warrant further study on a large 
number of patients to establish the necessary 
dosage and to justify its wider use. 

Hamilton and Soley found that the 
carcinomata of the thyroid which they in- 
vestigated did not concentrate radioiodine, 
but Keston et al. (66) reported the storage 
of radioiodine in a metastasis from a 
thyroid carcinoma. 


SUMMARY 


The distribution and metabolism of 
radioactive phosphorus in animal and 
human tissues indicate that it should prove 
to be valuable as a therapeutic agent for 
certain diseases, particularly chronic leu- 
kemia and polycythemia vera. 

The method of preparing and assaying 
the 1.5 per cent sodium hydrogen phos- 
phate solution now used in therapy is de- 
scribed in some detail. It is emphasized 
that radiologists cannot expect a milli- 
curie of radiophosphorus to be at all com- 
parable to a millicurie of radon in thera- 
peutic effect. The definition of the “curie” 
takes into consideration only the number 
of atoms disintegrating per second and 
not the type of energy or the distribu- 
tion of the resultant radiation. 

It is shown that, while it is possible to 
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translate dosages in microcuries per gram 
of body weight to ‘‘roentgens,’’ never- 
theless the internal use of radiating agents, 
such as radiophosphorus, requires a new 
orientation of our concepts of the distribu- 
tion of radiation in the body. No means 
of applying external radiation is known 
which can selectively irradiate certain 
tissues, or deliver to each cubic centimeter 
of tissue throughout the body a uniform 
amount of radiation. 

A means of calculating the ‘‘radiation 
level” in the body of a patient on any 
day after either one dose or multiple doses 
of radiophosphorus is described. Although 
this does not take into account the selective 
distribution of the radiating agent, and 
cannot be exactly accurate for any one pa- 
tient, due to different rates of elimination 
of phosphorus, yet it does provide a more 
satisfactory means of approximating the 
amount of radiation acting on the patient 
at any given time than does the mere 
statement of dosage and time of adminis- 
tration. 

“radiation 


The determination of the 
level” is of greater value with smail, fre- 
quently repeated doses than when single 


doses are used at long intervals. By the 
use of this level we have given fraction- 
ated treatments according to plans called 
(1) simple saturation, (2) fractional satura- 
tion, and (3) fractional. 

A thorough trial of small fractionated 
doses seems justified for the following 
reasons: (1) by keeping a fairly constant, 
though low, level of radiation in the body 
for a considerable period of time, more 
cells are likely to be affected during their 
most sensitive period; (2) actively grow- 
ing cells take up a greater proportion of 
phosphorus than “‘resting’’ cells and there- 
fore a continuous supply of radioactive 
phosphorus is more likely to result in the 
radioactive atoms getting into dividing 
cells. 

The clinical reports show that it is too 
soon to compare the results of radiophos- 
phorus treatments with other methods 
and much too soon to compare the infre- 
quent single dose method with the frac- 
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tionated methods. In the treatment of 
chronic myelogenous leukemia, chronic 
lymphatic leukemia, and lymphosarcoma, 
some remarkable responses have been ob- 
tained and some unsatisfactory ones, with 
widely varying methods of dosage. Fre- 
quent small doses have the disadvantage 
of frequent visits by the patient to the 
doctor. Until end-results justify this 
technic, it cannot be advocated as the 
method of choice. It seems logical, how- 
ever, to use these fractional methods over 
a period of years in order to collect sta- 
tistically useful information. 

The treatment of polycythemia vera 
differs from that of the three diseases just 
mentioned in that the aim is to influence 
the erythropoietic tissues adversely, in- 
stead of trying to “protect” them. A 
higher level of radiation is required. Many 
complete remissions have been produced. 

Patients with Hodgkin’s disease have 
not shown as satisfactory responses as those 
with lymphosarcoma. Multiple myeloma 
has proved quite resistant, even though 
a few satisfactory palliative results have 
been obtained, and the same is true of 
widespread metastases from carcinoma. 

Colloidal chromium phosphate is taken 
up by the reticulo-endothelial system. 
It can be made from radioactive phos- 
phorus and may find a place in therapy. 

Radioactive strontium is_ selectively 
taken up by the bones and its value in the 
treatment of neoplastic disease of bone is 
being investigated. 

Radioactive iodine 131 has proved effec- 
tive in the treatment of hyperthyroidism, 
but it has not been used on many patients. 
Unfortunately, it is not taken up regularly 
by cancer cells originating in the thyroid. 


CONCLUSIONS 


Radioactive phosphorus in sodium acid 
phosphate has proved to be of great value 
in the treatment of chronic lymphatic and 
myelogenous leukemias, polycythemia 
vera, and. lymphosarcoma. Its use in the 
treatment of Hodgkin’s disease is not yet 
established by experience. Its place in the 
treatment of multiple myeloma, metastatic 
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carcinoma, and some other conditions is 
not well established, but the inevitably 
fatal outcome of these diseases justifies its 
experimental trial. 

The use of other radioactive elements 
(strontium, iodine, element 85, and phos- 
phorus in chromium phosphate) is proving 
their value in some conditions. 

The possibility of using radioactive ele- 
ments in various compounds which might 
localize in certain tissues is an unexplored 
territory with great potentialities. 


University Hospital, University of California 
San Francisco, Calif. 
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Further Experiences in the Treatment of 
Lymphosarcoma with Radioactive Phosphorus! 


JOHN M. KENNEY, M.D.,2 and LLOYD F. CRAVER, MD. 
New York, N. Y. 


- A PREVIOUS communication (1) a 
preliminary report was made of a study 
on the use of radioactive phosphorus, P*?, 
as a therapeutic agent in the treatment of 
lymphosarcoma. It is the purpose of this 
paper to attempt an evaluation of the 
results obtained to date by this method 
of therapy, and to outline its probable 
place in the treatment of this disease. 

The theoretical and experimental back- 
ground for the use of P** in the treatment 
of lymphosarcoma was discussed in detail 
in the earlier paper. As an aid to a clearer 
understanding of the material to be pre- 
sented at this time, certain aspects of that 
report will be briefly summarized: 

1. Lymphosarcoma is almost always a 
systemic disease, involving several different 


lymphoid tissue-bearing regions and tend- 
ing to spread progressively to other similar 


regions. The usual method of therapy is 
local irradiation of the clinically demon- 
strable lesions. Because of the generalized 
character of the disease, however, sys- 
temic irradiation should be of value in its 
treatment. Medinger and Craver (2) 
reviewed the treatment and course of a 
large group of patients with lympho- 
sarcoma and observed that those who, 
shortly after the completion of local x-ray 
therapy, received 50-75 r whole body 
x-irradiation—Heublein technic (3)—had 
both a longer survival period and a longer 
period of remission than did patients who 
received only local x-irradiation. If this 
whole body therapy, as they concluded, 
was the responsible factor, the probable 
reason is that small, clinically non-evident 
foci of disease were either inhibited or de- 
stroyed. This method is not preferential; 

1 Presented, as a part of the Cyclotron Symposium, 
before the Radiological Society of North America, at 
the Twenty-seventh Annual Meeting, San Francisco, 


Calif., Dec. 1-5, 1941. 
2 Rockefeller Clinical Research Fellow. 


all tissues of the body at the same depth 
receive the same dose. If, therefore, some 
method of preferentially irradiating the 
sites of disease by systemic therapy could 
be found, the damage to these regions 
might be greatly increased without in- 
creasing damage to the patient as a whole. 

2. Radioactive phosphorus is used as 
a therapeutic agent because of the fact 
that it emits beta rays. Its use differs from 
other methods of irradiation in that it is 
administered orally or parenterally and is 
absorbed in varying amounts by all body 
tissues, since’ phosphorus plays a part in 
the metabolism of all tissues. This un- 
equal distribution of P** was first observed 
by Lawrence and his associates (4-7) in 
their extensive studies on the metabolism 
of this isotope by normal and tumor-bear- 
ing animals. P** is, therefore, a means 
of systemic irradiation by which radiant 
energy can be delivered unequally to 
various body elements. 

3. Tracer studies with P** on human 
subjects show that the average lymph 
node invaded by lymphosarcoma has a 
differential absorption ratio® (D.A.R.) 
(1, 8, 9) of 3.5, with a range of 2.2 to 12.0 
(Table I). Application of suitable for- 
mulae (10) for estimating the amount of 
radiation delivered by this isotope‘ indi- 


’ The differential absorption ratio (D.A.R.) is ob- 
tained by dividing the amount of P* absorbed by a 
tissue, by the amount of the isotope administered, both 
terms being expressed in microcuries per kilogram. A 
ratio of 1 indicates that the tissue has absorbed no more 
P®? than it would have, had the isotope been distributed 
uniformly to all parts of the body. If the ratio for a 
tissue is sufficiently larger than 1, it indicates that the 
isotope may be of value in administering therapeutic 
amounts of radiation to that tissue, without at the 
same time administering harmful doses of radiation to 
other tissues. : 

4 For every 100 microcuries of P** destroyed per kilo- 
gram of tissue, 90 equivalent roentgens are delivered. 
If a tissue has a D.A.R. of 3.5, and 100 microcuries per 
kilogram of body weight are administered, that tissue 
will receive a maximum theoretical dose of 300 equiva- 
lent roentgens. 
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Taste I: DIFFERENTIAL ABSORPTION RATIO FOR 
RADIOACTIVE PHOSPHORUS IN PATIENTS WITH LYMPHO- 
SARCOMA 


Microcuries 
of P*? Ad- Days be- Differential 

Case ministered tween Ad- Absorption 

No. per Kilogram ministration Ratio 

of Body of P*= and Lymph Blood 

Weight Biopsy Node 


N-9373 10.2 

N-9863 
0-1380 
M-8614 
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N-3342 
N-9526 
N-1796 
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cates that when amounts of the isotope 
comparable to those used in the treatment 
of leukemia (300-500 microcuries per 
kilogram of weight) are administered to 
patients with lymphosarcoma, the sites 
of disease should receive a tumor dose com- 
parable to that administered during con- 
ventional x-ray therapy, 7.e., 400-1200 r. 

4. Careful consideration of the poten- 
tial dangers of radioactive phosphorus 
therapy have led to the conclusion that 
bone marrow is the tissue most liable to 
early and serious damage. It is believed 
that this damage is preventable if, during 
the administration of the isotope, frequent 
blood counts and bone marrow aspirations 
are performed and compared. 

5. Nine cases which received P** ther- 
apy were reported in detail in our first 
paper. Five patients had had complete 
remissions and remained free of disease for 
from one to eight months; one had had 
complete regression in all but one area; 
one had a recurrence one month after 
therapy; in one the disease was not con- 
trolled by the isotope; one died one month 
after the commencement of therapy. 


THERAPY: GENERAL CONSIDERATIONS 


The method of therapy outlined in the 
previous paper (1) has been used for the 
most part in the cases reported at this 
time. The P*? was administered in courses 
of from 80 to 120 microcuries per kilogram 
of body weight, at intervals of from seven 
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to fourteen days. The time interval be- 
tween the courses was to permit an ob- 
servation of the effect of the isotope on 
the disease, and also to allow sufficient 
time to elapse for the appearance of any 
damage to the hematopoietic system. 
Each course was divided into four to six 
parts given on consecutive days, for two 
reasons. First, radioactive phosphorus 
may be expected to be distributed through- 
out the body in the same manner as nor- 
mal phosphorus, and its localization in any 
one area should depend on that tissue’s 
avidity for phosphorus. If small amounts 
of total phosphorus’ are administered, the 
tissue with the greatest need should take 
a proportionately greater amount than 
would be the case if large amounts were 
administered. Second, a blood count can 
be taken when about half of this course 
has been administered and if there is any 
marked depression, therapy can be stopped. 
It has also been observed that if the 
amount of total phosphate’ administered 
is less than 100 mg. there is a much smaller 
initial loss by fecal excretion (9). The 
total amount given to any one patient 
varied from 150 to 400 microcuries per 
kilogram with an average of about 250 
microcuries, and was dependent upon his 
response to the therapy. 

Frequent blood counts were made during 
all phases of the therapy. Depression of 
the blood count was fairly frequent but 
seldom serious. If the leukocyte count 
fell below 3,500, however, or the platelet 
count below 100,000, or if the red count was 
decreased by more than 15 per cent of its 
original value, administration of P** was 
usually temporarily discontinued until the 
depressed element rose to near its original 
level. Usually the leukocyte count and 
platelet count were the ones first affected 
by the isotope. 


5 It is to be remembered that when radioactive phos- 
phorus, P**, is administered there is a much larger 
amount of non-radioactive phosphorus, P*', adminis- 
tered at the same time. The ratio of atoms of P® and 
P*! in the solution is about 1 to 10,000,000. 

® The radioactive phosphorus used at the Memorial 
Hospital is a water solution of Na,HPO, containing 15 
mg. of phosphate per c.c. and having an average activity 
of about 300 microcuries per c.c. 
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TABLE II: Twenty-two Cases OF LYMPHOSARCOMA TREATED WITH P*? 





Control with 
P32; No Re- 
currence 


Control with 
P*?, with Re- 
currence 


Partial Control No Effect 
with P%2 from P 

Living Living Living 0 
Dead Dead Dead 
Living Living Living 
Dead Dead Dead 
Living Living Living 
Dead Dead Dead 
Living Living Living 
Dead Dead Dead 
Living Living Living 
Dead Dead Dead 


Total 
Patients 





Group I: Disease previously con- 7 
trolled by x-ray 

Group II: Disease partially con- 
trolled by previous x-ray 

Group III: Disease uncontrolled 
by previous x-ray 


Living 
Dead 
Living 
Dead 
Living 
Dead 
Living 
Dead 
Living 
Dead 


Group IV: No previous x-ray 


Totals 


A sternal marrow aspiration was per- 
formed before therapy was started; this 
was repeated after about 200 microcuries 
per kilogram had been administered and 
thereafter after each additional 100 micro- 
curies. If comparison of these biopsies 
showed damage to the marrow cells, ther- 
apy was discontinued. When the initial 
marrow biopsy showed an abnormal num- 
ber of lymphocytic elements, or a sub- 
normal amount of erythropoietic tissue, 
P*? was administered very cautiously. 
In such instances, the usual course was 
from 40 to 60 microcuries per kilogram, and 
the interval between courses was at least 
ten days. 


RESULTS OF THERAPY 


Twenty-two patients with a proved 
diagnosis of lymphosarcoma and evidence 
of active disease have now been treated 


with radioactive phosphorus. No at- 
tempt was made to select these patients, 
because it was believed that all stages of 
the disease should be treated if proper 
evaluation were to be made of the place 
of P** in the therapy of lymphosarcoma. 
Ten patients, 46 per cent, are living; 
4 of these, 18 per cent, have had complete 
remissions and have been free of recurrence 
for from three to twelve months; 2 
patients, 9 per cent, have had recurrences 
which were controlled by additional ther- 
apy; 3, or 14 per cent, have had 75 per 
cent regression of their disease, and 1 has 
had about 50 per cent regression. Six 
of the living patients had had previous 
x-ray therapy, which had completely con- 


trolled the disease in 3 and partially con- 
trolled it in the remaining 3. 

Twelve patients, 54 per cent, are dead; 
10 of these, 46 per cent, were at no time 
benefited by isotope therapy. Eleven 
received x-ray therapy subsequent to the 
failure of radioactive phosphorus, without 
any appreciable control of the disease. 
Five of these had received x-ray prior to 
the P**, with partial control in 2 and no 
control in 3. Five cases were clinically 
classified as leukosarcoma, the acute phase 
of lymphosarcoma. 

The patients have been divided into 
four groups based upon the effect of pre- 
vious x-ray therapy, and these groups 
have been subdivided to indicate the 
therapeutic effect of the administered P* 
(Table II). The same grouping has been 
followed in Table III, which is a summary 
of the case histories of eight patients con- 
sidered to be representative of the entire 
group treated. If these two tables are 
studied in conjunction with the next few 
paragraphs, the reader should have a good 
conception of what P*? can be expected 
to do when it is employed as a thera- 
peutic agent in the treatment of lympho- 
sarcoma. 

Group I consists of 7 patients whose 
disease had previously been well controlled 
by x-ray therapy. Four with a moderate 
amount of recurrent disease responded 
promptly to radioactive phosphorus ther- 
apy and 2 of these have remained free from 
recurrences for periods of nine to twelve 
months (A. L., Table III), longer in both 
instances than after their local x-ray ther- 
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apy. A third patient has, at present, no 
palpable or roentgenographic evidence of 
disease, though for the past month he has 
had a daily bout of fever. In the absence 
of any other cause, this has been ascribed 
to active disease somewhere. The fourth 
of this group (F. F.) also had a complete 
remission, but about one month after the 
cessation of treatment he entered a pro- 
gressive phase of the disease, character- 
ized by the frequent appearance of new 
lesions and by a severe secondary anemia. 
X-ray and P** failed to control this con- 
dition. 

Three patients of Group I died, two to 
six months after the commencement of 
therapy without showing more than a 
slight response to treatment. One patient 


entered a rapidly progressive phase of the 
disease and the addition of x-radiation 
to the P** did not control the new lesions. 
In the second patient (N. P.), the ab- 
dominal masses, which at autopsy were 
found to be the kidneys, which had been 
completely replaced by lymphosarcoma 


tissue, were unaffected by the P**; one 
of these masses was reduced in size only 
after 7 X 250 r of high-voltage x-radiation 
was administered. The third patient had 
massive abdominal disease which regressed 
slightly during treatment. The compli- 
cating factors of marked secondary anemia 
and hypoproteinemia probably contributed 
to the failure of therapy. 

Group II consists of 5 patients whose 
disease previously had been only partially 
controlled by x-ray therapy. One patient 
(N. S.) had numerous skin nodules and 
enlarged lymph nodes which partially re- 
gressed when irradiated. After the ad- 
ministration of P**, there was complete 
regression of the enlarged nodes and virtu- 
ally complete regression of the skin nodules. 
There has been recurrence of the skin 
lesions on two occasions since the com- 
pletion of the primary course of P**. One 
recurrence was successfully treated with 
P*?, and the other with low-voltage x-rays. 
Two patients, who had had partial re- 
gression following x-ray therapy, had 
further regression after P*? was admin- 
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istered, and one of these is experiencing 
continued regression with the administra- 
tion of additional P**. Two patients were 
not benefited by the treatment. In one 
(J. G.) the lesions were more resistant to 
x-radiation than is normally the case. 
In the second patient, new lesions ap- 
peared during the administration of the 
isotope. These were partially controlled 
by further x-ray therapy. 

Group III consists of 3 patients who had 
not responded to previously administered 
x-radiation (S. S.). Clinically these cases 
were classified as leukosarcoma. This type 
or phase of lymphosarcoma is character- 
ized by lesions that are usually resistant 
to irradiation; the continual appearance 
of new lesions; a hemorrhagic diathesis 
of some degree, and, commonly, heavy 
infiltration of bone marrow by lympho- 
cytic elements. It was hoped that P* 
would be of real value in treating these 
patients because of its distribution to, 
and concentration in, all areas of lympho- 
sarcoma, but in none of them was control 
of the disease obtained at any time. Some 
of the lesions appeared to decrease in size, 
but in each instance new lesions appeared 
during and after the administration of the 
isotope. 

Group IV consists of 7 patients who had 
had no previous irradiation. Two patients 
responded promptly to P* therapy and 
have remained free of recurrence for nine 
(G. L.) and twelve months, respectively. 
In 3 patients with widespread lesions 
partial control of the disease was secured. 
Two of these patients (V. W.) are still 
living and have had about 80 per cent 
regression; supplementary x-ray therapy 
in one has completed this regression. The 
third patient died during therapy from 
respiratory failure due to infiltration of 
the lung parenchyma. Numerous en- 
larged nodes were reduced in size, but 
neither x-ray nor P** controlled the pul- 
monary lesions. Two patients received 
no therapeutic benefit from the isotope. 
Clinically, these were cases of leukosar- 
coma in which subsequent x-ray therapy 
failed to control the disease. 
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DISCUSSION 


The results obtained with radioactive 
phosphorus therapy in this unselected 
group of 22 patients have been carefully 
studied and analyzed. This analysis led 
to a series of observations which became 
the basis for this preliminary attempt 
to evaluate the place of P** in the treat- 
ment of lymphosarcoma, and also of a 
tentative method for selecting the most 
suitable patients for this therapy. 

It was noted that P** did not control 
the disease in patients in whom prior x-ray 
therapy had been a failure. Likewise when 
P® did not control the lesions, subsequent 
x-ray therapy was ineffective. A corollary 
to this observation was noted in those 
patients who had an incomplete response 
to primary therapy, whether local x- 
radiation or P**. If the response to the 
original therapy was good, though incom- 
plete, the use of the other therapeutic 
agent usually brought about complete 
regression of the disease; whereas, if the 
response to the original therapy was poor, 
the addition of the other agent did not 
bring the disease under control. Failure 
to absorb the P** was apparently not a 
factor in those patients who did not re- 
spond to the isotope. Biopsies taken 
during the treatment of these patients 
showed a concentration of the isotope 
which, it is believed, would have delivered 
a therapeutic amount of radiation to the 
lesion removed. These are not completely 
unexpected observations, since radioactive 
phosphorus therapy is radiation therapy, 
and it should not be expected to ac- 
complish more than x-irradiation, with 
respect to the individual lesion, when com- 
parable amounts of radiation are admin- 
istered by each, provided that some as yet 
unknown factor, or factors, brought into 
play as a result of the whole body radiation 
delivered by the P**, is not exerting an 
influence on the rate of regression of the 
lesion. 

In the group of patients in whom com- 
plete regression of the disease was obtained, 
the period of remission, with two excep- 
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tions, has not been broken since the cessa- 
tion of therapy. Four of these patients 
have had periods of remission varying 
from nine to twelve months, which is as 
long as or longer than that given by Med- 
inger and Craver for patients treated by 
local x-radiation alone, 6.2 months, and 
those treated by local irradiation plus 
Heublein therapy, 9.7 months. The group 
is too small for any definite significance 
to be attached to these observations, but 
the implication that the P** therapy has 
prolonged the interval of remission is 
strong. This implication is strengthened 
by the fact that two of these patients had 
previously received local x-ray therapy 
and that their present period of remission 
is longer than that which they had en- 
joyed when so treated. If the radioactive 
phosphorus therapy has been responsible 
for this prolonged and continued period 
of remission, it is because it not only 
reached the clinically evident foci in suffi- 
cient concentration to inactivate them, but 
also because it was absorbed by the clini- 
cally non-evident foci of disease in the 
same concentration and led, therefore, to 
their inactivation. 

Another factor to be considered in 
accounting for the success of the therapy 
in these patients is the apparent radio- 
sensitivity of their lesions. While it is true 
that some of these patients had previously 
been treated by x-radiation with only 
partial success, it should be remembered 
that they had widespread disease and it 
was necessary to treat large areas. This 
of necessity limited the amount of radiation 
that could be administered. The fact that 
there was regression with this reduced 
amount of therapy is indicative of the 
radiosensitivity of the lesions. 

Several conclusions are possible from 
these observations. The first is that the 
lesions must be reasonably radiosensitive 
for P** to reach its maximum effectiveness. 
The second is that P**, because of its dis- 
tribution to all areas of the disease, is not 
only an excellent method of primary ther- 
apy in certain cases, but also is a valuable 
adjunct to x-ray therapy in many other 
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patients. It would appear that, if P* 
were administered routinely to all patients 
who have responded to local irradiation 
therapy with good regression of the pal- 
pable disease, further inactivation might 
take place in those areas and, more im- 
portant, the hidden foci of the disease 
might also be inactivated. In view of the 
findings in this group of patients and in the 
patients of Medinger and Craver, this 
should prolong the periods of remission 
and survival, and might in certain rare 
instances completely destroy all of the sites 
of disease. 

The extent of disease present was of 
little significance in determining which 
patients were suitable for treatment with 
P*. Several patients with widespread 
lesions responded completely to P** ther- 
apy. Patients with a rapidly progressive 
type of the disease, however, such as 
leukosarcoma, were not benefited by P**. 

The amount of the isotope administered 
to those patients who were successfully 
treated was variable and not predictable. 
This is probably because of the variation 
between patients of the radiosensitivity 
and the D.A.R. of the lesions. 

Serious damage to the hematopoietic 
system was seen in only one patient, who 
developed an aplastic type of anemia. 
Inasmuch as she had a bone marrow that 
was already badly damaged, before P** 
therapy, it is difficult to assess the actual 
réle of P*? in producing this condition. 
This particular patient is still living and is 
free of disease twelve months after therapy. 
In a second patient who was successfully 
treated, temporary anemia requiring a 
single transfusion was observed. In several 
patients the leukocyte count was tem- 
porarily depressed, but with cessation of 
therapy it returned to normal. In the 
patients that died a terminal anemia and 
leukopenia were usually noted. As such a 
condition is common in the late phases of 
this disease, it would not seem that P** had 
been the solely responsible agent. It 
would appear, therefore, that while P*, 
like any other form of radiation, may re- 
duce the blood count, its action in this 
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regard will not ordinarily be of serious 
import. 

It is apparent from these observations 
that not all patients are suitable for P** 
therapy and that some method is needed 
for selecting those patients most likely 
to respond favorably. One such method 
is as follows: 

1. An amount which is approximately 
that of the average daily dose given by us 
during a course of therapy, 1.0—1.5 mc. of 
P*?| is administered, and ten to fourteen 
days later a biopsy is performed. The 
diagnosis is confirmed by microscopic 
examination; the node is assayed for 
radioactivity and its D.A.R. determined. 

2. A single dose of 200-400 r of x-ray 
is administered to one area of disease, and 
the amount and rapidity of regression are 
carefully noted. 

It may be argued that this period of pre- 
liminary investigation requires about three 
weeks and that the patient may be en- 
dangered by this delay. If the disease is 
progressing so rapidly that such a period 
of time would be dangerous, then there is 
probably little likelihood that any method 
of therapy will be of any real ultimate 
value. Obviously it is not meant to imply 
that, if the patient’s life is endangered by 
some mechanical factor such as pressure 
on the trachea by a mediastinal mass, 
treatment should be delayed. In practice 
the treatment of such a mass by x-rays 
would determine the radiosensitivity of 
the lesions and at the same time relieve the 
patient. 

These two steps determine whether or 
not the lesions are radiosensitive, and 
whether they absorb sufficient P** to make 
the isotope a useful therapeutic agent. 
Several combinations will result from 
these two procedures and these combina- 
tions determine whether or not P** therapy 
should be employed primarily or second- 
arily. 

1. If the D.A.R. of the lymph nodes is 
high, 5 or better, and if there is complete 
or nearly complete regression of the nodes 
in the area treated with x-rays, then the 
patient is highly suitable for primary 
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therapy with P**. This is on the grounds 
of high concentration of the isotope in the 
areas of disease and good radiosensitivity. 
Under such conditions regression should be 
prompt and complete. If with a high 
D.A.R. the lesion is radioresistant, then it 
is probably best to use x-radiation initially 
and supplement with the isotope after the 
completion of the x-ray therapy. 

2. If the D.A.R. is in the average 
range, 2.8-4.5, and if the lesion is radio- 
sensitive to x-rays, initial P** therapy can 
be tried with the expectation of later 
supplementing it with local irradiation. 
If, with such a D.A.R., the lesion is radio- 
resistant, then primary x-ray therapy is 
probably best. In this case, P** should 
be administered at the completion of the 
x-radiation with the hope of inactivating 
the clinically non-evident lesions. 

3. If the D.A.R. is low, less than 2.8, 
the method of choice is x-ray therapy, 
irrespective of whether the lesions are 
radiosensitive or radioresistant. P** can 
be used later to supplement this therapy 
with the hope that it will prolong life and 
remission, but with such a D.A.R. this 
is probably unlikely, since the P** will not 
be in sufficient concentration to deliver 
an effective amount of radiation. 

There are several other factors to be 
considered. The patient should be in good 
general condition. If anemia is present, 
this should be treated first by transfusion, 
and the P** should be administered cau- 
tiously and in smaller amounts. If there 
is a leukopenia, P*? may still be used, but 
again it should be administered cautiously, 
in amounts that are half, or less, those 
used in patients with no leukopenia, with 
a prolonged interval between courses. 
If the initial marrow aspiration shows 
lymphocytic infiltration or depression of 
the erythropoietic elements, administra- 
tion should be cautious, again in amounts 
that are half, or less, those ordinarily used, 
with a prolonged interval between courses. 

As a therapeutic agent P** has several 
advantages over x-rays. Of great im- 
portance to the patient is the fact that 
there is no radiation sickness, and that 
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the isotope can, if proper directions are 
given, be taken at home, eliminating daily 
hospital visits for treatment. The usual 
instructions to the patient are to mix the 
Na2H PO, solution in orange juice and take 
the mixture on arising. No food is in. 
gested for the next two hours. Milk is not 
taken the day the isotope is administered 
and iron-containing medicines are not 
ingested for twenty-four hours preceding 
and following the administration of the 
isotope (6). 


SUMMARY AND CONCLUSIONS 


Twenty-two unselected cases of lympho- 
sarcoma have been treated with radio- 
active phosphorus. 

Ten patients, 46 per cent, are living; 4 
of these, 18 per cent, have had complete 
remissions and have been free of recurrence 
of disease for from three to twelve months; 
2, or 9 per cent, have had recurrences 
which were controlled by additional ther- 
apy; 3, or 14 per cent, have had 75 per cent 
regression of their disease, and 1 has had 


about 50 per cent regression of his disease. 
Six of the living patients had had previous 
x-ray therapy, which had completely con- 
trolled the disease in 3 and partially con- 
trolled the disease in the remaining 3. 
Twelve patients, 54 per cent, are dead; 
10 of these, 46 per cent, were at no time 


benefited by isotope therapy. Eleven 
received x-ray therapy subsequent to the 
failure of radioactive phosphorus without 
any appreciable control of the disease. 
Five of these had been treated by x-rays 
prior to treatment with P**, with partial 
control in 2, and no control in 3. Five 
cases were clinically classified as leukosar- 
coma, the acute phase of lymphosarcoma. 

The period of remission, which is still un- 
broken in the successfully treated patients, 
has been longer in 2 patients than had 
been noted after previously administered 
courses of x-ray therapy. In 5 of these 
patients the remissions have been longer 
than the average period given by Medinger 
and Craver for patients treated by x-rays. 

A tentative method for selecting cases 
suitable for P** therapy and also for deter- 
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mining whether to use it as primary or 
secondary method has been outlined. 

It is believed, from the results obtained 
in the group of patients treated, that P** 
is a valuable method of therapy, both 
primarily and as an adjunct to x-ray in 
the treatment of lymphosarcoma. The 
results obtained indicate that in certain 
cases it should prolong the period of re- 
mission and probably the period of survival 
beyond the average for those periods as 
now seen. 

It is believed that P*? should be used 
either primarily or secondarily in virtually 
all cases of lymphosarcoma. 


Acknowledgments: The authors are indebted to 
the Radiation Laboratory of the University of Cali- 
fornia for the radioactive phosphorus used in this 
work, They take pleasure, also, in acknowledging 
the assistance rendered them in this work by Mr. L. 
D. Marinelli, of the Department of Physics, and 
their technician, Miss Audrey Anschuetz. 

Acknowledgment is made to the Works Projects 
Administration of New York City for assistance 
rendered under Official Project No. 24. A grant-in- 
aid from the Carnegie Society of New York City in 
support of this work is also gratefully acknowledged. 


Memorial Hospital 
New York, N. Y. 


TREATMENT OF LYMPHOSARCOMA WITH RADIOACTIVE PHOSPHORUS 


BIBLIOGRAPHY 


1. KENNEY, J. M., MARINELLI, L. D., AND CRAVER, 
L. F.: Treatment of Lymphosarcoma with Radio- 
active Phosphorus: A Preliminary Report. Am. J. 
Roentgenol. 47: 217-226, February 1942. 

2. MEDINGER, F., AND CRAvER, L. F.: Total 
Body Irradiation with Review of Cases. To be pub- 
lished in Am. J. Roentgenol. 

3. Craver, L. F., ann MacComs, W. S.: Heu- 
blein’s Method of Continuous Irradiation of the Entire 
Body for Generalized Neoplasms. Am. J. Roentgenol. 
32: 654-674, November 1934. 

4. Lawrence, J. H., anp Scott, K. G.: Com- 
parative Metabolism of Phosphorus in Normal and 
Lymphomatous Animals. Proc. Soc. Exper. Biol. & 
Med. 40: 694-696, April 1939. 

5. LAWRENCE, J. H., Tuttye, L. W., Scort, K. G., 
AND Connor, C. L.: Studies on Neoplasms with the 
Aid of Radioactive Phosphorus. I. The Total Phos- 
phorus Metabolism of Normal and Leukemic Mice. 
J. Clin. Investigation 19: 267-271, March 1940. 

6. Err, L. A., Tuttye, L. W., anp Scott, K. G.: 
Retention of Orally Administered Radiophosphorus by 
Mice. Proc. Soc. Exper. Biol. & Med. 45: 652, 1940. 

7. Turttve, L. W., Err, L. A., AND LAWRENCE J. 
H.: Studies on Neoplasms with the Aid of Radioactive 
Phosphorus. II. Phosphorus Metabolism of the 
Nucleoprotein, Phospholipid and Acid Soluble Fractions 
of Normal and Leukemic Mice. J. Clin. Investigation 
20: 57-61, January 1941. 

8. KENNEY, J. M., MARINELLI, L. D., AnD Woop- 
ARD, H. Q.: Tracer Studies with Radioactive Phos- 
phorus in Malignant Neoplastic Disease. Radiology 
37: 683-687, December 1941. 

9. KENNEY, J. M.: Radioactive Phosphorus as a 
Therapeutic Agent in Malignant Neoplastic Disease. 
Cancer Research 2: 130-145, February 1942. 

10. MarInetu, L. D.: Dosage Determinations 
with Radioactive Isotopes. Am. J. Roentgenol. 47: 
210-216, February 1942. 





The Treatment of Cancer with Fast Neutrons' 
ROBERT S. STONE, M.D., and JOHN C. LARKIN, JR., M.D. 


San Francisco, Calif. 


INTRODUCTION 


HE FIRST NEUTRONS were produced by 
Bothe and Becker (3) at the Uni- 
versity of Giessen in 1932 and were identi- 
fied as nuclear particles a few months later 
by Chadwick (4) at Cambridge. He 
called them neutrons because they had no 
electrical charge. These particles, acceler- 
ated, were recognized as a new type of 
radiation. The discovery of the cyclotron 
by E. O. Lawrence made available beams 
of fast neutrons of sufficient intensity for 
biological investigation. By 1938 the 
collimation of the beam, the shielding of 
the cyclotron, and biological studies had 
progressed far enough to justify attempts 
to influence cancer in man by irradiation 
with fast neutrons. 


The cyclotron has been adequately de- 


scribed by Lawrence (7) and others. Suf- 
fice it to say that, as it is used for therapy 
at present, it ionizes deuterium (heavy 
hydrogen), and thus forms deuterons 
which it accelerates to very high energies. 
When the deuterons strike a beryllium 
target, an internal conversion of protons 
and neutrons in the beryllium nuclei 
takes place and neutrons and high-energy 
gamma rays are emitted. The physical 
characteristics of these fast neutrons have 
been described previously (2, 7). The 
biological changes which they produce are 
the result of ionization within the tissues. 
The ionization is not caused directly by the 
neutrons since they have no electric charge, 
but it is produced by the protons and by 
other light atomic nuclei, which are set in 
motion by the neutrons that have pene- 
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trated to various depths. The protons in 
motion form tracks of ionization that are 
about one hundred times denser than those 
of electrons set in motion by x-ray photons, 
It is not possible with x-ray beams of 
practical intensities to produce as dense an 
ionization as that produced along a proton 
tract. Investigators hope that this dis- 
tribution of ionization may have a selective 
effect on cancer cells. That the effect of 
fast neutrons on biological material is dif- 
ferent than that of x-rays has been shown by 
Lawrence, Aebersold and Lawrence (8), by 
Zirkle and Lampe (11), by Gray et al. (5), 
by Aebersold and Lawrence (2), and by 
others. 

The first cyclotron which was used for 
therapeutic purposes had pole faces 37 
inches in diameter and produced a beam of 
deuterons with 8 million electron volts 
(Mev) of energy. The collimation of this 
beam for clinical use was accomplished by 
Aebersold (1) and it was used for the first 
time for treatment in September 1938. 
In December 1939, a new cyclotron with 
pole faces 60 inches in diameter, known as 
the medical cyclotron, was brought into 
use. It is located in the Crocker Radi- 
ation Laboratory on the campus of the 
University of California in Berkeley. It 
produces a beam of deuterons with ener- 
gies of 16 Mev. The maximum energy of 
the fast neutrons is 21 Mev. The meas- 
urement of the intensity of the neutron 
beam is accomplished by a Victoreen con- 
denser type r meter (2). The 100 r cham- 
ber is used in the same manner as for 
measuring a beam of x-rays. However, as 
the physical factors are different from those 
involved in measuring x-rays, the units on 
the scale of the Victoreen are not called 
roentgens but neutron units or neutron 
roentgens—a purely arbitrary value. The 
average intensity of the beam is 5 m per 
minute. The depth dose for a field 10 X 
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10 cm. in size is approximately 40 per cent 
of the surface exposure. Since there ap- 

ars to be no significant ““back-scatter”’ 
at the surface, the “air dose’’ and the 
“skin dose’’ are the same. 

After the beam of radiation has passed 
through a filter of lead 3 cm. thick, it con- 
sists of about 95 per cent neutrons and 5 
per cent gamma rays. Some rays reach the 
patient outside of the treated field. They 
are probably gamma rays which originate 
at the target in the walls of the collimator. 
Their intensity is such that a patient re- 
ceives 1 to 2 r of total body irradiation dur- 
ing the same time as that required to give 
100 neutron units. This diffuse irradiation 
is undesirable, but means of eliminating it 
have not yet been devised. Studies of the 
blood of patients so treated have shown 
little or no effect traceable directly to it. 
It is impossible, however to say how much 
this general body irradiation may contrib- 
ute to the roentgen sickness observed to 
some degree in almost all patients treated 
with neutrons. 


MINIMUM THRESHOLD REACTION 


Tests were made to determine the amount 
of neutron radiation required at one sitting 
that would produce a minimum threshold 
reaction. The skin of the flexor surface of 
the forearm just below the elbow was used. 
The subjects varied as to age, sex, and the 
amount of normal skin pigmentation. (It 
is evident that because of these many vari- 
ables, many tests must be made before 
final values can be established.) The ex- 
posed areas were followed for at least six 
weeks. Since in previous tests (9) on the 
37-inch cyclotron operating at 8 million 
electron volts reactions had occurred to 
exposures of around 90 n, 5 patients were 
exposed to this amount but none of them 
had any reaction. Thereupon 8 others 
were exposed to 125 n. All of them had 
reactions which were considered greater 
than the minimum. Further, 18 patients 
were given 110 n. Twelve of them had re- 
actions judged as minimum or slightly 
greater, while 6 had none. 

These results show that the correct value 
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of neutron exposure which will produce this 
reaction apparently is in the neighborhood 
of 110 n. The generally accepted amount 
of x-ray irradiation from a 200 kv. appara- 
tus that will produce a similar reaction is 
650 to 700 r measured on the skin. There- 
fore, so far as this biological measure is 
concerned, 110 n apparently is equivalent 
to 650 r, or 1 n to approximately 6 r. 

While in these tests the degree of the re- 
action produced by neutron beams was the 
same as that produced by x-rays, the re- 
action to neutrons appeared in about fif- 
teen days whereas that to x-rays appears in 
about twenty-eight days. No explana- 
tion for this difference has been found. 
As in skin treated with x-rays, temporary 
erythemas were seen as early as twenty- 
four hours in skin exposed to neutrons, but 
they faded before the more permanent pig- 
mentation set in. Attention is also called 
to the fact that a greater number of 
neutron roentgens are required to produce 
the same reaction at the higher voltage (16 
Mev) than at the lower voltage (8 Mev). 
Since the neutron unit is an arbitrary meas- 
ure which is not dependent on a known 
number of ion pairs formed, this difference 
may lie entirely in the method of measure- 
ment. Gray and his co-workers (6), in 
discussing their ‘“‘energy unit’’ as a measure 
of neutron rays, pointed out that the same 
number of energy units from neutron 
beams of different voltages may have 
different effects on biological material. 


SKIN REACTIONS TO DIVIDED DOSES 


The skin reactions of various patients to 
fractionated treatments given to the neck 
and face are shown in Tables I and II. 
The patients who had reactions are di- 
vided into two main groups: (1) those who 
had erythema only, or erythema with dry 
scales, and (2) those who had raw surfaces, 


acute epidermitis or epidermolysis. The 
second group is subdivided according to 
severity, which is gauged by the number of 
days it took for the surface of the skin to 
become covered with new epithelium, into 
first-degree epidermitis, from one to twenty 
days; second-degree epidermitis, from 
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TABLE I: SKIN REACTIONS OF NECK AND FACE 
(Single Field, Fractionated Treatment) 
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twenty-one to thirty days; third-degree 
epidermitis, over thirty days. The ex- 
posure of each field is expressed in neutron 
units in the column headed ‘‘Total Field 
Dose.” The length of time it took to give 
the total exposures is expressed in days, 
including the first and last days, in the 
column entitled ‘‘Total Elapsed Time.”’ 
The “Calculated Daily Dose’’ was ob- 
tained by dividing the total exposure to 
the field by the elapsed time. Although it 
does not represent the actual exposure on 
any one day, it gives a fair estimate of the 
rate at which the total exposure was ad- 
ministered, assuming that the treatments 
were given fairly regularly three times a 
week with no great fluctuation in the in- 
dividual exposures. 

The skin reactions of 27 patients who 
were treated through a single field are 
listed in Table I in the order of the total 
exposures they received. With one ex- 
ception the patients who received less than 
650 n to a field showed no greater reaction 


than a first-degree epidermitis. The ex- 
ception, patient H. T., had previously re- 
ceived a large amount of x-ray radiation to 
the same field. The patients who received 
from 650 to 825 n to the field showed all 
the reactions, but the lesser ones usually 
occurred in those who received the smaller 
daily exposures. Those who received 1000 
n or more to the field had a second-degree 
or third-degree epidermitis. 

An analysis of this table on the basis of 
the rate of application shows that the 4 
patients who received less than 16 n per 
day (calculated) had only an erythema 
even though a total of 665 n was given to 
one of them. Of the 9 patients who were 
treated at the rate of 16 to 25 n per day, 4 
had a first-degree, 4 a second-degree, and 
1 a third-degree epidermitis. Of the 9 who 
were treated at the rate of 26 to 35 n per 
day, 5 had a first-degree, 1 a second-degree, 
and 3 a third-degree epidermitis. The 
more severe reactions usually occurred in 
those who received the larger total doses. 
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TABLE IT: 
(Cross-Fire, Fractionated Treatment) 
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X-ray 


Cal. 
Daily 
Dose _ Eryth- 


Total 
Elapsed 
Time 


Total 
Center of Field 


Size Reaction 





of Field Dose 
Region (cm.) (n) 


a 


Epidermitis or 
7 9° 3° 


(n) ema 1 Radium 





275 
325 
330 
368 
380 
400 
425 
445 
475 
490 
490 
495 
498 
498 


10 X 10 
10 X 10 
10 X 10 
10 X 10 
10 X 10 
Jaw 10 X 10 
Face 10 X 10 
Jaw 10 X 10 
Neck 10 X 10 
Jaw 10 X 15 
Face 10 X 10 
Neck 10 X 10 
Jaw 10 X 10 
Neck 10 X 10 
Face 10 X 10 500 
Neck 10 X 10 500 
Jaw 10 X 500 
Jaw 10 X 15 500 
Neck £ ei 500 
Face 10 X 515 
Neck 10 X 10 530 
Jaw 10 X 15 530 
Jaw 10 X 15 540 
Neck 10 X 650 


Face 
Neck 
Face 
Neck 
Jaw 


= 


PHOS PASS sAaS SSP re rommah ah 
PRPOmsn eso ek eP 25% Ames 


No 
Yes 
No 


1 
DO ROR WOOD 


Om 


18. 


10. 
8. 
19. 
12. 
9. 
19. 


S109 OO “Tb bo O10 = 00 OO 





Torats 13 





* Severe reaction only over anterior surface. 


The same applied to the patients who re- 
ceived 36 n or more per day. 

An analysis of the table on the basis of 
the total elapsed time taken to give the 
treatments shows that all those patients 
who were treated in three weeks or less had 
an epidermitis: 6 of these who received 
less than 676 n had a first-degree reaction, 
and 4 who received 675 n or more had a 
second-degree or third-degree reaction. All 
those treated between three and four weeks 
received from 600 to 673 n; 3 of them hada 
first-degree and 1 a second-degree epider- 
mitis. Of those treated for more than four 
weeks, 4 had an erythema only, while 2 had 
a first-degree, 4 a second-degree, and 3 a 
third-degree reaction. With one exception 
the severer reactions were in those who 
received the larger total exposures in a 
given time. 

The obvious conclusion from this analy- 
sis is that, provided a sufficiently large 
total exposure is given, the degree of the 
reaction is directly dependent on the rate 
of application. As low a total as 675 n 


produced a third-degree epidermitis when 
it was given in fifteen days or less. As 
great a total as 1025 n also produced a 
third-degree reaction when it was given in 
thirty-two days, or a lesser reaction when 
it was given over a longer period of time. 
The skin reactions of 24 patients treated 
by the cross-fire method through the face 
and neck are listed in Table II. The same 
data as for the single-field treatments are 
recorded. The total exposures and the 
calculated daily exposures are estimated 
for each field. It must be remembered 
that, depending on the thickness of the 
part, from 30 to 40 per cent of the exposure 
to one side affects the opposite side as an 
exit dose. Hence, the ‘total skin dose”’ is 
at least one third greater than that given in 
the table. Since 13 of the 24 patients had 
an erythema only and grading of erythemas 
was not attempted, the results of this 
method of treatment cannot be analyzed 
as thoroughly as those of the single-field 
technic. This eventuality was to be ex- 
pected because the total exposures were 
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not so great and the elapsed times were 
longer than for the single-field technic. 
Again it is evident that, provided a suffi- 
ciently large total exposure was given, the 
reaction was dependent upon the rate 
rather than upon the total exposure. A 
total exposure of 500 n at the calculated 
daily rate of 10.6 n produced an erythema 
only (J. D.), whereas the same total ex- 
posure at the rate of 20.8 n produced a 
second-degree epidermitis (H. F.). A total 
exposure of only 380 n at the rate of 17.3 n 
produced a first-degree epidermitis. Eleven 
patients were treated at a rate calculated 
below 11 n per day; all but one had an 
erythema only. That one patient, as well 
as 2 patients who were treated so that the 
beam from each side struck the anterior 
surface of the neck tangentially, had a 
severe reaction over the anterior surface 
only. Presumably that surface received 
almost the full effect of the irradiation from 
both sides, since no tissue absorption oc- 
curred. Hence, the total exposure to the 
anterior surface was double that to each 
side instead of just one-third greater. The 
effect of this tangential irradiation seemed 
to be much greater than that usually seen 
in x-ray treatments when a similar arrange- 
ment of fieldsisused. Part of the difference 
may have been due to the fact that the 
target skin distance was 100 cm. and there- 
fore the decreased intensity caused by the 
inverse-square effect was very slight. We 
have observed the same accumulation of 
effect, however, in the tangential treatment 
of supraclavicular areas and breasts in 
which the distance factor is less important. 
The back-scatter radiations, which play an 
important part in the surface dose of x-rays 
on the thick part of wedge-shaped regions 
and a less important part on the thin por- 
tion of the wedge, are not present in neu- 
tron irradiation. 

An analysis of Table II with respect to 
the elapsed time shows again that the 
effect depends upon the rate rather than 
upon the time. Little, if any, greater 
tolerance was observed to high daily rates 
of application in shorter periods of time, as 
judged by the initial skin reaction. Treat- 
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ment of only one patient, however, was 
completed in less than three weeks, and 
none was given an exceedingly large total 
skin exposure even over a long period. 

In this discussion only the primary skin 
reactions are considered. The late skin and 
subcutaneous effects have not been ana- 
lyzed because the period of observation is 
too short. It is our impression that the 
late effects have been more marked in the 
patients treated at a slow daily rate for a 
long period of time than in those treated at 
more rapid rates in a shorter period of time 
with similar total exposures. 


MUCOSAL REACTIONS 


The mucous membrane reactions ap- 
peared in eleven to sixteen days and 
reached their height at about the time that 
the erythemas of the skin began. The 
relative degree of epidermitis and epithe- 
litis could be changed at will and therefore 
was no criterion of the depth dose of the 
irradiation. Following a rapid treatment 
in twelve to fourteen days a severe epithe- 
litis and little epidermitis developed, 
whereas following slow treatment a mild 
epithelitis and a severe epidermitis were 
produced. 


SELECTION OF PATIENTS 


Between December 1939 and Sept. 15, 
1941, 128 patients were treated. Of these, 
120 are included in this report (as of Oct. 
15, 1941). Eight are not included be- 
cause for various reasons they did not com- 
plete their courses of treatment. 

The majority of the 120 patients were 
selected from the Out-patient Department 
of the University of California Hospital 
after complete examinations, including 
biopsies, had been made. About 50 per 
cent were chosen by the physicians of the 
Visible Tumor Clinic. They were patients 
who, in the opinion of that group of doc- 
tors, could not be cured by surgical or x-ray 
treatment. It was felt that neutron ther- 
apy must show decided effects in advanced 
cancer, as represented in these patients, 
before its use for the treatment of small 
localized lesions could be justified. 
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DISTRIBUTION OF LESIONS 


The anatomical distribution of the lesions 
in the 120 patients was as follows: tongue 
18, prostate 18, skin and lip 13, floor of 
mouth and alveolar ridge 13, breast 11, larynx 
and pyriform sinus 9, stomach and intestine 
9, buccal mucosa 5, brain 4, nasopharynx 3, 
parotid 3, esophagus 2, miscellaneous 12. 

Only one patient of the entire group had 
a small localized tumor, which was situ- 
ated on the fixed right vocal cord. Thirty- 
one patients had lesions with marked local 
extension but without metastases, 34 had 
advanced primary lesions and metastases, 
and 49 had recurrences, in most cases fol- 
lowing previous x-ray or radium treat- 
ments. In 15 patients the primary tumors 
had been controlled by previous x-ray or 
surgical treatment, and only the metastases 
were treated with neutrons. Obviously 
these patients were very difficult to treat 
successfully. 


METHOD OF TREATMENT 


The patients were placed in much the 
same manner as when an immovable x-ray 
tube with a horizontal beam is used. The 
sizes of the fields were 7 X 7 cm., 10 X 10 
em., and 10 X 15 cm. It was difficult to 
use other than the fixed fields because 
blocks of wax or other hydrogenous ma- 
terial of considerable thickness would have 
been required to limit them. 

The physical calibration was made for 
each size of field. As in treatment with 
x-rays, the measurement by the thimble 
chamber in air varied with the size of beam, 
other factors being constant. More “‘micro- 
ampere minutes’? were required to pro- 
duce the same reading of the ionization 
instrument for a field 7 X 7 cm. than for 
one 10 X 10 cm., even when the measure- 
ment was “‘in air.”’ 

To deliver presumably adequate doses to 
the tumors, the same general plan as that 
used in x-ray therapy was followed. When 
the lesion was close to the surface, a single 
field directly over the lesion was selected. 
Lesions of the brain, mouth, pharynx, and 
neck were usually treated from two directly 
opposing lateral fields. Lesions in the 
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thorax and abdomen were treated in 
general through opposing anterior and 
posterior fields, with a lateral field added 
whenever possible. Prostatic lesions were 
treated through three fields, one anterior 
pubic and two oblique gluteal. Whenever 
possible, cancer of the breast was treated 
by tangential fields and additional fields 
were directed to the axilla when indicated. 

Since the cyclotron was available for the 
treatment of patients three afternoons a 
week, fractionated exposure technic could 
be used. The fractions, total doses, and 
total elapsed time were varied. During 
the first few months many changes were 
made in the cyclotron. Therefore, inter- 
ruptions in the courses of treatments and 
administrations of smaller exposures at 
lower intensities than planned were in- 
evitable. Consequently, many treatments 
had to be prolonged to from forty to sixty 
or more days. The average exposure on 
each treatment day was small. Up to 
March 1940, the plan was to give 50 n toa 
field; but when opposing fields were used, 
only one was exposed on each treatment 
day. 


From March to July 1940, opposing 
fields were exposed each treatment day, 
but the exposures to thin parts were 25 or 


35 n and to thick parts 50 n. The total 
exposures were from 400 to 500 n or more 
per field. The skin reactions were mild and 
the mucous membrane reactions were 
patchy. Intracutaneous and subcutaneous 
abscesses in and around the treated fields 
often occurred and caused considerable 
discomfort. 

From Aug. 1 to Dec. 15, 1940, the pa- 
tients were treated with larger total ex- 
posures in periods of time decreasing to 
about thirty days. The exposure to 
opposing fields was 50 n and to single 
fields 75 n each. Total exposures of from 
600 to 1,000 n were given. During this 
period several rather remarkable tumor 
responses occurred, but the skin reactions 
were severe. From Dec. 15 to 23, 1940, 6 
patients received from 75 to 100 n daily 
(instead of 3 times a week) to totals of 
525 to 825 n. The skin and general re- 
actions to this method of administration 
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were so severe, and the results so incon- 
clusive, that it was discontinued. 

From January to May 1941, neck and 
face treatments were given at the rate of 
50 n per treatment when single fields were 
used and 25 to 35 n per field when opposing 
fields were used. Patients with cancer of 
the prostate and of other organs in thick 
parts of the body were given 50 n to each 
of two fields each treatment day. Single 
fields were given 50 n per day. Many of 
the patients in 30 to 40 days received totals 
averaging 500 n per field when opposing 
fields were exposed, or 650 n when a single 
field was used. From May until September 
1941, 50 n were administered to each field 
each treatment day when two or three 
opposing fields were treated, or 75 n when 
a single field was used. By this method the 
entire treatment usually could be given in 
less than twenty-five days, or before the 
skin reactions became severe. The mu- 
cosal reactions and the reactions in the 
visible tumors were severe. 


GENERAL REACTIONS 


At the beginning of treatment 64 pa- 
tients were in good condition, 42 were in 
fair condition, and 14 were so sick that 
they probably should not have been 
treated. The reactions to treatment were 
classified as mild, moderately severe, 
severe, and improved. Mild reactions con- 
sisted of a moderate degree of anorexia. 
They were seen in 76 patients during treat- 
ment and in 72 patients during the first 
month after treatment. The reactions of 
nausea and general malaise were classified 
as moderately severe. They became so 
severe that the patients required support- 
ive medication, such as thiamin chloride. 
They occurred in 28 patients during treat- 
ment and in 29 in the following month. 
When all the symptoms mentioned were 
intensified, the reactions were classified as 
severe. In many cases they were accom- 
panied by vomiting and dehydration. 
These reactions occurred in 12 patients 
during treatment and in 16 during the 
month after treatment. The patients re- 
sponded to supportive medication of in- 
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travenous saline and 10 per cent glucose 
in daily doses of 500 c.c. for several days, 
Four patients were considered as improved 
because they were relieved of pain and did 
not have new symptoms of sufficient sever. 
ity to place them in any other classification, 
Few systemic or local reactions occurred jn 
the patients with carcinoma of the pros- 
tate. Irradiation of the upper abdomen, 
however, caused severe systemic reactions 
and diarrhea in almost all cases, undoubt- 
edly due to reaction in the mucous mem- 
brane of the intestinal wall. Some of the 
patients who were treated about the head 
and neck had such severe mucositis that 
they had great difficulty in eating and lost 
considerable weight. To prevent the 
development of malnutrition and dehy- 
dration was a rather difficult problem, es- 
pecially since the hospital facilities for 
taking care of these patients were very un- 
satisfactory, so that most of them had to 
remain in their own homes or in boarding 
houses. 


EFFECTS OF NEUTRONS ON CANCER 


The effect of neutron radiation on cancer 
is summarized in Table III. At the end of 





Number of Patients 
During During First 


Effects Treatment 3 Months 





Complete regression 20 26 
Partial regression 57 53 
No regression 43 24 
Recurrence in treated field 0 3 
Dead 0 8 
Incomplete information 0 6 


120 120 





TOTALS 





the treatment period the lesions in 20 of 
the 120 patients had completely regressed 


clinically. Three months after treatment, 
26 patients were clinically free of cancer in 
the treated areas. In 57 patients a partial 
regression only was noted at the end of the 
treatment. It is discouraging that in 43 
patients no regression had taken place at 
the end of the treatment. These were for 
the most part patients with the most ad- 
vanced lesions. Eight of them died in less 
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than three months and 46 in six months 
after treatment. In 6 patients the tumor 
response three months after completion of 
treatment could not be determined, as they 
had left the San Francisco Bay area. Re- 
currences of cancer in the treated regions 
were observed in 3 patients three months 
after treatment, and in 13 patients six 
months after treatment. 


SURVIVALS 


The ultimate aim of all treatment is the 
survival of the patient, and the result of 
treatment must be judged by this criterion. 
Although neutron therapy has not been 
used long enough to have any five-year 
survivals, we considered it valuable to 
study the gross survival to date. In this 
connection it is well to remember that, 
with the few exceptions noted, the pa- 
tients selected for treatment had far ad- 
vanced disease and that their survival 
could be expected only as a result of a 
miraculous cure. 

From September 1938 to June 1939, 24 
patients were treated on the 37-inch cyclo- 
tron with separate large doses. The re- 
sults were reported by Stone, Lawrence, 
and Aebersold (9) and are not included in 
this report. Nevertheless, we wish to state 
that 2 of these patients were still alive on 
Oct. 15, 1941. One of them who had can- 
cer of the lung had received x-ray treat- 
ment shortly after the neutron therapy; 
he has been in good health for two years 
and a half. The other, who had an epider- 
moid carcinoma of the neck, was in poor 
condition two years and eight months after 
treatment. The average survival period of 
the 22 patients who died was eight months. 
The tumors in this series had reacted 
sufficiently well to justify a more extensive 
trial of neutron irradiation. 

Of the 120 patients treated on the 60- 
inch cyclotron between December 1939 
and Sept. 15, 1941, 61 had died by Oct. 15, 
1941. Forty-two per cent had died less 
than six months after the beginning of 
treatment. The encouraging facts are 
that of those who were alive on Oct. 15, 
1941, 9 had survived almost one year, 3 
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for twelve to fifteen months, and 10 more 
than fifteen months. We must not forget, 
however, that 16 of those who survived had 
cancer of the prostate—a disease that does 
not always cause rapid death even if it 
remains untreated. 

An analysis of the conditions at the time 
of death or shortly before death revealed 
many interesting findings. Of the 61 pa- 
tients who died, partial or complete autop- 
sies were performed on 31. In 11 of these 
so much cancer was still present that it 
was considered the cause of death. Twelve 
patients had such persistent ulceration and 
pain that they were unable to eat; their 
deaths were ascribed to inanition. Two 
patients died of hemorrhage into the 
necrotic areas and one of laryngeal ob- 
struction from edema. Thus, 26 patients 
died either because their tumors were un- 
controlled or because radiation brought 
about conditions incompatible with life. 

Interest in these 31 patients on whom 
autopsies were performed was focused on 
the condition of the tumor in the treated 
regions because in some instances the can- 
cer that caused death was not in the region 
treated. Fourteen patients had no gross or 
microscopic evidence of cancer in the 
treated regions and 5 had only microscopic 
evidence of persisting cancer. Thus the 
neutron rays evidently had completely or 
almost completely eliminated the cancer in 
19 patients. The other 12 had visible 
gross cancer in the treated regions at the 
time of death. Twenty-two patients had 
had cancer in the mouth or throat, and 16 
of these had persistent ulceration; in 9 of 
the latter no gross or microscopic evidence 
of tumor was seen at autopsy. 

The probable causes of death of the 30 
patients on whom no postmortem exami- 
nation was performed were: cancer in 12; 
ulceration with inanition in 9; other causes 
in 9. When these patients were seen last, 
the treated regions showed the following: 
gross tumor in 19; ulceration in 13; no 
tumor or ulceration in 6; both tumor and 
ulceration in 8. 

Thus of the whole group of 61 patients, 
31 had gross tumor at the time of death in 
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the region treated. Twenty-nine of the 
41 patients who had cancer of the mouth 
or throat had persistent ulceration at the 
time of death. 


TREATMENT OF CANCER 
IN LOCALIZED REGIONS 


Skin and Lip: Thirteen ‘patients with 
cancer of the skin of the face or lip are 
included in this group. Uncomplicated 
primary cancer of these regions is so 
successfully treated by other methods that 
it was not included in this series. In 3 in- 
stances previously untreated tumors with 
direct extension to the bone showed partial 
regression of the primary lesion. Six pa- 
tients were treated because they had re- 
currences after treatment by other meth- 
ods. Four of these had an immediate com- 
plete regression of the lesion, one had a 
partial regression, and one did not return 
for follow-up studies. In 4 who were 
treated for metastases only, all of the en- 
larged nodes regressed completely. In 5 
cases with ulceration the ulcers did not 
heal well. Biopsy specimens from the 
edges of the ulcers were usually free of 
viable cancer cells. However, the infection 
and induration showed a definite tendency 
to subside. Four patients had radiographic 
evidence of destruction of the mandible. 
Only one of these showed any evidence of 
recalcification, although none of the in- 
volved areas increased in size. 

The results of treatment in this group are 
somewhat encouraging in that the meta- 
static lesions have regressed; but they are 
discouraging as far as healing of the ulcer- 
ated areas is concerned. Seven patients of 
this group were still alive on Oct. 15, 1941. 
The average survival was ten and a half 
months. The 6 patients who died had an 
average survival period of seven and a half 
months. 

Larynx and Pharynx: Nine patients of 
the series had lesions of the larynx and the 
oral pharynx. Two of these originated in 


the pyriform sinus, 4 in the larynx, 2 on the 
epiglottis, and 1 in the oral pharynx. Only 
one patient, in whom the lesion was situ- 
ated on a fixed vocal cord, had no gross 
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extension or metastases. This lesion re. 
sponded very well to neutron therapy ad- 
ministered in March 1941, and no clinical 
evidence of cancer was seen in December 
1941. This patient is the only one of the 
group who was still alive on Oct. 14, 194]. 
In the remaining cases 3 of the primary 
lesions regressed completely and 3 par. 
tially. One patient in whom the primary 
lesion showed no regression died before the 
treatment was completed. Two recurrent 
lesions showed only partial regression. 
The large metastases showed a tendency 
to disappear under treatment; 2 dis- 
appeared completely and 3 partially. Ul- 
cers had a tendency to persist even when 
no cancer was found in their margins. 
They caused severe pain, difficulty in 
swallowing, and consequent loss of weight 
and inanition. A few patients had edema 
of the larynx and pharynx, but none died 
of clinical strangulation. The 8 patients of 
this group who died had an average sur- 
vival period of six months. 

Tongue: The response of lesions of the 
tongue to neutron therapy was very un- 
satisfactory. In the group of 18 patients, 
only one had an untreated primary lesion 
with no metastases. It was on the side of 
the tongue and extended to the anterior 
pillar. Nine patients had extensive metas- 
tases to the lymph nodes of the neck. 
Four had recurrent lesions after other 
types of therapy. Four whose primary 
lesions had been successfully treated by 
surgery or radiation received the neutron 
therapy for metastatic lesions in the neck. 
The large metastatic nodes responded well. 
In 9 patients they regressed completely 
and in 6 partially, while in 2 they showed 
no regression. The primary lesions in 3 
patients regressed completely, in 5 they 
regressed partially, and in 2 they showed 
no regression. In many cases, however, as 
the tumor regressed an ulcerated area 
appeared which showed little tendency to 
heal. Large doses caused swelling of the 
tongue, and this condition together with 
the sore mucosa made eating difficult. We 
believe that the severity of these reactions 
may be lessened by proper oral hygiene. 











ber 1949 


n re- 
y ad- 
nical 
nber 
F the 


lary 
par- 


lary 


rent 
ion. 
ney 
dis- 
Ul- 
nen 
ns, 








TREATMENT OF CANCER WITH FAST NEUTRONS 617 


Vol. 39 


Therefore, a modified Dakin’s solution was 
given as mouth wash eight to ten times a 
day. In several patients osteomyelitis de- 
veloped following the extraction of teeth 
in the irradiated areas. 

Fourteen of the patients who had died 
at the time of this report had survived 
an average of seven months. The 4 who 
were still alive had an average survival 
period of three and a half months. 

Breast: The results of treatment of pa- 
tients with cancer of the breast were in- 
conclusive. No primary lesions without 
metastases were treated. The group con- 
sisted of 4 patients with primary lesions 
and metastases, 4 with recurrent lesions, 
and 3 with metastases only. The meta- 
static nodules regressed completely in 3 
patients. In one patient, however, who 
received extensive irradiation to an area of 
broken-down metastatic tumor, viable tu- 
mor cells were found in a late biopsy speci- 
men. Large masses in the breasts of 4 
patients shrank to very small, hard, in- 
durated nodules. In 2 of these, the viable 
tumor cells were enmeshed in fibrinous 
connective tissue. Whether or not these 
cells could have regrown it is difficult to 
say. Two patients had metastases to the 
lungs. After irradiation considerable in- 
crease in the density of the tissue was 
shown by roentgenograms, which probably 
was due to the so-called post-irradiation 
fibrosis. It was accompanied by an eleva- 
tion of the corresponding half of the dia- 
phragm. How much of the tumor still 
remained could not be determined. 

Prostate: Neutron therapy was applied 
to 18 patients with carcinoma of the pros- 
tate. All of them had extension through 
the capsule and 4 had metastases. The 
distant metastases were not treated. Three 
had recurrent lesions following prostatec- 
tomies. The rectally palpable tumors did 
not completely disappear in any case but 
in 5 they were reduced in size after treat- 
ment. On the other hand, remarkable im- 
provement occurred in urinary symptoms. 
Most of the patients were free of appre- 
ciable urinary retention after treatment. 
In the patients who were treated over long 


periods of time the subcutaneous tissues in 
the regions treated became indurated, es- 
pecially under the posterior gluteal fields, 
so that sitting was painful. The induration 
persisted in most cases. However, after 
the institution of more rapid treatment it 
did not occur to the same degree. Some 
ulcerated areas in the indurated tissues 
were very persistent. 

Sixteen of these patients were alive at 
the time of this report, having survived an 
average of nine months. The 2 who died 
survived an average of nine and a half 
months. Thus the survival time in this 
group was by far the best of the series. 
Because cancer of the prostate may not 
bring about rapid death, it is too early to 
determine whether or not treatment pro- 
longed the lives of the patients. 

Miscellaneous Lesions: Four patients 
with large ulcerating cancers of the buccal 
mucosa received treatments of from 700 
to 1,165 n to single fields. They tolerated 
the treatments well. The indurations de- 
creased almost immediately, with conse- 
quent relief of pain. In 3 patients the 
ulcerated areas healed completely. In one 
in whom the ulceration was more extensive, 
and to whom x-ray therapy had been given 
prior to neutron therapy, healing had not 
occurred at the time of this report. The 
result in one of these patients was remark- 
able. He had a cancer which had not only 
ulcerated in the buccal mucosa but also 
had extended into the mandible and out- 
ward to the cheek, at which point it formed 
a tumor measuring 3 cm. in diameter. He 
received 1,165 n in fifty-two days. The 
ulceration in the buccal mucosa healed and 
the tumor disappeared completely. This 
patient had remained well for more than a 
year on Oct. 15, 1941 (Figs. 1-4). 

Three patients had cancer of the naso- 
pharynx with metastases. One of them 
had a recurrence after x-ray therapy. Two 
had _ transitional-cell carcinomata with 
metastases to the base of the skull and to 
the nodes of the neck. The improvement 
in the general condition of one patient was 
fair and of the other, who previously had 
been considered critical, was remarkable. 
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Both gained weight. In one of them a 
brief exposure of the eye to the neutron 
beam produced a severe conjunctivitis. 
The third patient, aged 71, had a sub- 
mucosal carcinoma in the posterior naso- 
pharynx which disappeared completely 
under treatment; however, an ulcer per- 
sisted. 

Two women had carcinoma in the proxi- 
mal third of the esophagus, with large 
masses in the region of the suprasternal 
notch. Upon treatment these masses dis- 
appeared completely and at the same time 
the dysphagia from which the patients 
were suffering was greatly improved. One 
of these patients, on whom gastrostomy 
and tracheotomy had been performed, died 
of pneumonia five months and a half after 
neutron therapy was begun. At autopsy 
only microscopic areas of tumor were 
found. The other patient was alive after 
seven months of therapy. No evidence of 
obstruction was noted in the esophagus, 
but new tumor tissue had developed out- 
side the treated region. 

Eleven patients had cancer in the gastro- 
intestinal tract. In 2 of them the lesion 
was in the stomach, in 2 in the colon, and in 
7 in the rectum. In all but one instance 
the cancers were recurrent after operation. 
Upon treatment none of the tumors re- 
gressed completely but 6 decreased some- 
what in size. Six of the patients died. 
In the 5 still alive in October 1941 the 
tumors had enlarged after an initial re- 
gression. 

Three tumors arising in the parotid re- 
sponded unusually well to neutron therapy. 
One was a carcinoma and 2 were mixed- 
cell tumors. One patient had had a re- 
currence after x-ray therapy, one had had 
an incomplete surgical removal, and one 
had received no previous treatment. In 
these 3 cases the tumors disappeared com- 
pletely after treatment. 

Four patients had large tumors of the 
brain. All of them had had exploratory 


operations with subtemporal decompres- 
sions. Although the headaches were some- 
what relieved during the treatments, by 
the end of the treatment periods the sites 
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of decompression bulged and the headaches 
returned. Three of these patients died in 
two months or less. One, who had a large 
giant-cell astrocytoma of the left frontal 
lobe, was alive eight months after treat- 
ment. At that time the decompression 
site was concave. He required little or no 
sedation but the paresis of his right side 
was not improved. 

Two patients had carcinoma of a bron- 
chus. One was alive ten months after the 
beginning of treatment, while the other 
died from hemorrhage after two months 
of treatment. Microscopic examination 
of the specimens obtained at autopsy 
showed that cancer cells were present. 

In a patient with a large osteogenic sar- 
coma of the right ilium, upon treatment 
the tumor decreased somewhat in size and 
became much less painful. Few changes 
were seen by roentgenography, however, 
which might suggest healing. This patient 
had lived for six months after treatment on 
Oct. 15, 1941. 

A woman who had a fibrosarcoma of the 
left shoulder was still alive one year after 
treatment; no definite evidence of a re- 
currence could be found. 

A metastatic tumor in the neck from a 
primary melanotic sarcoma of the face 
disappeared completely after treatment. 
A second enlargement lower in the neck 
also disappeared completely. The patient 
died from bronchopneumonia a year later. 
At autopsy only a few microscopic areas of 
melanotic sarcoma were found in the region 
treated with neutron irradiation. 


DISCUSSION 


The cyclotron is the only instrument 
known that can produce a beam of fast 
neutrons of sufficient intensity to treat 
human neoplastic disease. The only cy- 
clotrons adapted to this purpose are those 
successively developed in the laboratory 
of the discoverer, E. O. Lawrence. His 
intense interest in the medical applications 
of this instrument have made the studies 
here reported possible. The medical world 
owes him a debt of profound gratitude. 

The physical unit for measuring the in- 
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Figs. 1-4. Reaction of the skin and of the cancer of a patient, W. J., to treatment 
with fast neutrons. The patient had an epidermoid carcinoma of the buccal mucosa 
with extension through the cheek and involvement of the skin and of the mandible. 

Fig. 1. The appearance at the commencement of neutron therapy. 

Fig. 2. The appearance on the thirty-ninth day of treatment. The region had 
already received 815 n to a single field 10 X 10 cm. in size at the rate of about 
50 n each Monday, Wednesday, and Friday. Epidermolysis had appeared on the 
twenty-ninth day, by which time 615 n had been given. Note the denuded skin with 
bleeding points, the pigmentation of the peripheral zone, and the smaller size of the 
tumor. 

Fig. 3. The appearance fifty-five days after starting and two days after finish- 
ing treatment. The total exposure in the fifty-three days elapsed treatment time 
was 1165 n. Note that epithelization of the skin surface has been taking place so 
that only a narrow serpiginous zone of denuded surface remains. The buccal mucosa 
has healed and the tumor has disappeared. 

Fig. 4. The appearance fifteen and a half months after beginning neutron 
therapy. The skin is soft, thin, and discolored. The subcutaneous tissues are 
indurated and edematous. There is no evidence of the cancer. The buccal mucosa 
is intact but the central area depressed. The patient’s. general condition is good 
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tensity of fast neutron beams is not yet 
well established, but the “neutron roent- 
gen” or neutron unit provides a means of 
duplicating exposures. Aebersold (2) has 
recently published a detailed description 
of the neutron unit. We wish to point out, 
however, that in order to duplicate the 
unit as we have used it, a thimble chamber 
of the same dimensions and materials is 
required. We believe that even the slight 
shrinking that has occurred in our instru- 
ment has somewhat changed the value of 
the unit. The newer Victoreen chambers 
give a reading about 15 per cent higher 
than our old one did. 

As the roentgen, the neutron unit is a 
measure of ionization in air and in the walls 
of the thimble chamber. Within limits the 
ionization produced by x-rays in air and in 
tissues is comparable. This is not true for 
ionization produced by neutrons. Hence 
the measure of exposure to a neutron beam, 
as determined by a thimble chamber in air, 
is not so readily converted to tissue doses. 
Moreover, since more units of the higher 
than of the lower energy neutrons are re- 
quired to produce the same skin reaction, 
there evidently must be a dependence on 
the energy of the neutrons. 

The equivalence of 1 n to 6 r obtained by 
the minimum threshold skin reaction ap- 
plies only to neutrons produced by bom- 
barding a beryllium target with 16 Mev 
deuterons, as compared to x-rays gener- 
ated at 200 kv. and filtered through 0.5 
mm. Cu and 1 mm. Al. On the basis of 
physical calculations of ionization, Aeber- 
sold (2) stated that 1 n is the equivalent of 
2.5 r of tissue dose. Marshak and other 
biological investigators have found that 
ratios of the effect of n:r vary from 1:2 to 
1:15 or more. 

By therapeutic experience we found 
that 70 to 75 n, as measured in our labor- 
atory, given to a single field with no cross 
fire on Mondays, Wednesdays, and Fri- 
days, produced a moderate epidermitis, the 
exact degree of which depended on the 
total dose attained and on the type of 
skin exposed. Significantly smaller ex- 
posures per treatment day produced less 
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marked immediate reactions even if greater 
totals were attained by giving more ex- 
posures in a longer total elapsed time. 
When direct cross-fire methods were used, 
the effect of the exit dose considerably re- 
duced the amount of direct exposure that 
could be given. The overlapping of tan- 
gential fields produced very severe reac- 
tions, apparently more severe than those 
which occur when x-ray beams are used in 
a similar manner. They should be avoided. 
We have no data relative to the effects of 
varying the intensity of the beam. 

Almost all the patients selected for 
treatment were those whose conditions 
were incurable by other means. Patients 
with cancer of various types in many or- 
gans were treated in order to determine 
whether or not neutrons have an effect on 
lesions which are not affected by x-rays, 
such as those of the gastro-intestinal tract. 
The treatment of such patients permitted 
the establishment of certain concepts as to 
the amount of neutron radiation that can 
be tolerated by the tissues and as to the 
amount needed to bring about tumor re- 
gression. We now have definite ideas re- 
garding these concepts, although we have no 
reason to believe that the patients have been 
treated in the most advantageous manner. 
To determine the best methods of treat- 
ment will require many trials of various 
combinations of daily exposures, total ex- 
posures, total elapsed time, and intensities 
of the beam. Various groups of treated 
patients will have to be followed for at 
least five years. 

In general the methods of treatment 
have been those usually employed in x-ray 
therapy. Biological studies have shown 
that neutrons have a much greater pro- 
portional direct effect than x-rays on 
tumor cells in the so-called resting stage. 
Therefore, greater benefits may be de- 
rived from more massive doses of neutrons. 
In other words, the methods developed for 
x-ray therapy may not apply to neutron 
therapy. ~While a few remarkable re- 
gressions have occurred, primary tumors 
have not responded as well as metastases 
to neutron therapy. Ulcerations remain- 
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ing in primary tumor areas often have 6. Of the patients with presumably 
failed to heal although the cancer appar- incurable cancer who were treated during 
ently had disappeared. In several in- the twenty months period, 50 per cent were 
stances patients have died directly as a_ still alive at the time of this report (Oct, 
result of such ulceration of the pharynx, 15, 1941). 

although little or no cancer was found at 7. At the end of treatment about 17 
autopsy. Metastatic tumors covered by per cent of the patients showed complete 
normal skin and mucosa have regressed, regression and about 48 per cent showed 
as judged by both clinical and pathological partial regression of the tumor. 


examinations. The results have not been 8. After trials of various technics, it 
uniform, and failures have been encount- was concluded that administration of the 
ered. total dose in much shorter periods of time 

The work here reported demonstrates than first employed is most advantageous. 
many of the effects of neutrons on the pa- 9. While the statistics presented appear 


tient, on the normal tissues, onthe primary discouraging, the effect of neutrons on 
tumors, and on the metastatic lesions. We tumors has been such as to encourage 
have found that cancer can be favorably further study in selected cases. It was 
influenced by neutron therapy and that demonstrated, both clinically and patho- 
normal tissues can recover from specific logically, that some cancers disappeared 
exposures. Some tolerated doses have asa result of neutron therapy. 

been established. Therefore it should now University Hospital 

be permissible to treat small cancerous San Francisco, Calif. 

lesions, that are more likely to be “‘cured”’ 
than the extensive ones. Further studies 

must be made in order to establish the ,.,1, ,Aymmmagis, Part The Production ol 


methods of therapy that are best suited to 1939. 
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Effects of X-Rays and Neutrons on Mouse Lymphoma 
Chromosomes in Different Stages of the Nuclear Cycle’ 
ALFRED MARSHAK, Ph.D.? 


Radiation Laboratory, University 


HEN CHICK embryo cells or mam- 

malian fibroblasts in tissue culture 
are treated with x-rays, mitosis is inhibited 
so that the number of cells in the actively 
dividing stage reaches a minimum three 
hours later (1). The cells are arrested 
in the nuclear ‘‘resting stage.’’ Similar re- 
sults have been obtained with plant root 
tips and tumors of the mouse and rat (2). 
Cells which just escape inhibition have 
just completed the resting stage at the 
time of irradiation. At this phase of the 
nuclear cycle chromosomes are much more 
sensitive to damage by ionizing radiation. 
This stage of maximum sensitivity has been 
found in chromosomes of tissues as differ- 
ent as root tips of onions, horse beans, 
peas, tomatoes (2, 3), grasshopper embryo 
cells and spermatogonia (4), Walker rat 
carcinoma 256, and mouse sarcoma 180. 
The investigations with mouse lymphoma 
to be reported here show not only this 
stage of high chromosome sensitivity but, 
in addition, a period during the nuclear 
resting stage of even greater sensitivity. 
The results show further that independently 
of the units used to measure dose, neutrons 
produce greater damage to chromosomes 
than x-rays. These data and others pre- 
viously published indicate that tumors 
resistant to x-rays may yield to neutron 
therapy. 


MATERIALS AND METHODS 


Mice of the Strong A strain, obtained 
from the Roscoe B. Jackson Memorial 
Laboratory, were given bilateral subcu- 
taneous transplants of a lymphoma (5). 
Thirteen to fifteen days later the tumors 
were approximately 1.0 cm. in diameter. 

' Presented, as a part of the Cyclotron Symposium, 
before the Radiological Society of North America, at 
the ['wenty-seventh Annual Meeting, San Francisco, 
Calif., Dec. 1-5, 1941. 

* Fellow of the Finney-Howell Research Foundation 
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The animals were then tied to cardboard 
squares and given whole body irradiation 
with the ventral surface toward the x-ray 
tube. 

The source of the x-rays was an oil- 
cooled tube with a tungsten target in a 
General Electric Company Maximar ap- 
paratus,* operated at 220 kv.p. and 15 ma. 
The beam, filtered through 0.5 mm. Cu 
and 1.0 mm. Al, had a half-value thick- 
ness of 1.25 mm. Cu. The mice were 70 
cm. from the target, and a lead diaphragm 
with a 10 X 10-cm. aperture was inter- 
posed at the end of the cone at 35 cm. 
The x-ray dose in air was measured with a 
Victoreen ionization chamber. To cor- 
rect for back-scatter, measurements were 
made by placing the chamber on tumor- 
bearing mice of the same weight at the 
position of the tumor. For microscopic 
investigation a strip of tissue a few milli- 
meters wide was taken from the periphery 
of the tumor on the ventral side toward 
the mid-line. This corresponded to tissue 
immediately adjacent to the ionization 
chamber in those animals used for calibra- 
tion of the x-ray beam. 

The source of neutrons was a beryllium 
target bombarded by 16 million volt deu- 
terons produced by the cyclotron (6). 
The neutrons were collimated in a lead 
channel set in a large paraffin block (7). 
A 10 X 10-cm. port at the end of the 
channel was covered with a sheet of 
aluminum 1.0 mm. thick. The mouse to 
be treated was held on a piece of card- 
board in the center of the field with the 
dorsal side toward the target. A Vic- 
toreen ionization chamber was placed on 
the ventral surface of the mouse near the 
periphery of the tumor, and the dose was 
measured as in the case of x-rays. The 

* The laboratory is indebted to the General Elec 
tric Company for the use of this x-ray equipment. 
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following different doses of x-rays and neutrons. 


arbitrary units of neutron ionization so 
measured are called ‘‘n’’ units. I am 
indebted to Dr. Aebersold for measuring 
the neutron doses given. The tissue was 
fixed overnight in a mixture of equal parts 
of 50 per cent acetic acid and 5() per cent 
ethyl alcohol. It was then cut into frag- 
ments about 2 mm. square, rinsed in dis- 
tilled water, blotted, and placed in a drop 
of aceto-carmine on a slide. It was then 
gently tamped with a small steel lancet to 
get a suspension of cells in the drop. A 
coverslip was then put on and sealed in 
place with vaseline. 

All anaphase cells on a slide were ex- 
amined with the microscope at magnifica- 
tions of 500 and 1000. These cells were 
classified in two categories: (1) those 
which showed no chromosome fragments 
or bridges, which were called normal, and 
(2) those which had one or more fragments 
or bridges, which were called abnormal. 
Other types of nuclear derangements, 
such as multipolar anaphases or pyknotic 
nuclei, were excluded from the counts. 


RESULTS 


The frequency of normal and abnormal 
anaphases at %, 12, 1%, and 24 hours fol 
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lowing different doses of x-rays and ney. 
trons is given in Table I. 

In Figure 1 the log per cent normal 
anaphases are plotted against dose ip 
roentgens. Figure 2 is a similar plot for 
the neutron-treated tumors. In both the 
x-ray- and neutron-treated tumors the 
per cent anaphases remaining normal at 8 
hours and at 24 hours after irradiation fall 
on the same curve. The equation for the 
curve is 

Y = e* 
where } = per cent normal anaphases, 
e = base of natural logarithms, x = dose of 
x-rays or of neutrons, k = constant. 

The curve at 12 hours is of the same 
form, but the slope (&) is steeper than that 
found at other time intervals. At 18 
hours after irradiation the values follow 
first the curve for 8 and 24 hours and then 
at higher doses parallel those for 12 hours. 
The values for & at the different time inter- 
vals are given in Table II. The value of k 
for the 3-hour interval is taken from re- 
sults previously published (3). 
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Normal anaphases in mouse lymphoma follow- 
ing irradiation with 200 and 600 roentgens. 


Fig. 3 


The curves are approximately the same 
for all time intervals except 12 hours and 
for the second limb of the 18-hour curve, 
where k is approximately doubled in the 
case of x-rays and tripled in the case of 
neutrons, 


DISCUSSION 


From the fact that the survival curves 
are exponential, it follows that a single 
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Taste 1: Mouse Lympnoma. INDUCED CHROMOSOME ABNORMALITIES OBSERVED IN ANAPHASE 





EFFECT oF X-RAYS AND NEUTRONS ON Mouse LyMPHOMA 


§23 





— X-Rays Neutrons 
Time in Dose in Ab- Per Cent Dose in Ab- Per Cent 
Hours Roentgens Normal normal Normal “_" Normal normal Normal 
8 50 539 33 94.1 10 567 28 95.3 
100 470 43 91.7 20 463 75 86.0 
200 387 69 85.0 32.5 196 42 82.4 
400 323 197 62.1 60 384 180 68.1 
12 48 3,410 490 87.0 10 322 77 80.6 
100 1,341 364 78.6 20 690 286 69.6 
200 1,265 751 62.9 30 707 602 H1 
600 st 199 29.6 40 564 675 45.5 
60 185 357 34.1 
18 50 552 24 95.9 20.5 511 49 91.4 
100 276 16 94.5 5D 226 105 68.3 
200 537 102 $4.1 75 348 239 59.3 
400 125 109 53.4 100 150 288 34.2 
600 239 411 36.8 
24 50 3,364 214 94.3 30 1,664 3384 $1.3 
100 827 91 90.1 39.5 310 88 78.0 
200 572 146 79.7 50 246 79 75.6 
600 204 198 50.7 60.5 608 282 68.4 
80 86 49 63.7 
100 246 212 53.8 








encounter of the effective agent produced 
by either x-rays or neutrons with a sensi- 
tive portion of the chromosome damages 
the chromosome so that a chromosome 
fragment or bridge is observed when the 


TABLE II: Stopes or “SurvIvAL’’ CURVES 














kz kn 
Hours X-Rays Neutrons kn/k: 
3 9.3 X 10~* 5.4 X 1073 5.8 
8 and 24 1.0 X 1073 5.9 X 1073 5.9 
12 2.2 X 1073 19.3 K 1078 8.8 
18a* 1.0 X 1073 5.9 XK 1078 5.9 
185* 2.2 X 10-3 19.3 K 1073 8.8 








* a gives the value for the portion of the curve at low 
doses, and ) for the portion at high doses. 


cell reaches anaphase. The effective agent 
is the ion pair produced either by x-rays or 
neutrons. The data do not justify the 
assumption of intermediary diffusible toxic 
substances produced by the ionization. 
This was also demonstrated for nuclei at 
the onset of prophase, 7.e., nuclei which 
take 3 hours to reach anaphase after ir- 
radiation (7). Similar results have been 
obtained with nuclei of the horse bean 
(Vicia faba) irradiated in different por 
tions of the resting stage (8). 

In the experiments with the lymphoma 
described here the survival curves are 
exponential for all nuclear stages except 
the one which takes 18 hours to reach ana 


In this case, however, the curve is 
clearly made up of two portions, each of 
which is exponential. Since the slope of 
the first limb is identical with the slope 
of the 24-hour curve, and the second limb 
identical with the slope of the 12-hour 
curve, we may assume that at low doses 
the 18-hour nuclei respond in the same way 
as the 24-hour nuclei and at high doses 
like the 12-hour nuclei. It is known that 
ionizing irradiation arrests the mitotic 
process in the resting stage. With the 
lower doses there is less inhibition or more 
rapid recovery from this inhibition so that 
the 18-hour and 24-hour nuclei were in 
similar physiological states at the time of 
irradiation, while as a result of the greater 
inhibition with higher doses the nuclei 
taking 18 hours to reach anaphase were 
in a state similar to that of the 12-hour 
nuclei. 

In Figure 3 the per cent normal ana- 
phases is plotted as a function of time 
after irradiation with 200 and with 600 
roentgens. There is a sharp depression in 
each of the curves at 12 hours, following 
the initial dip at 3 hours. To compare this 
behavior with that of another tumor, a 
group of mice carrying sarcoma LSO trans 
plants were given a single dose of approxi 
mately 350 r, The mice were kept in a 


phase. 
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180 and Walker rat carcinoma 
irradiation. 


bakelite box just large enough to hold 
them. In the center of the box was a 
thin wooden tube into which the Victoreen 
ionization chamber was inserted. The 
conditions for irradiation (kv., ma., filtra- 
tion, etc.) were otherwise the same as those 
for lymphoma. The per cent normal 
anaphases at various times after irradia- 
tion are given in Table III. In Figure 4 
they are plotted as a function of time after 
irradiation. It is clear that in this tumor 
there is gradual recovery after 3 hours, in 
contrast to the behavior of the chromo 
somes of the lymphoma. Rats carrying 
Walker carcinoma 256 were irradiated 
individually with x-rays as described for 
the mouse lymphoma. Figure 5 shows 
the per cent normal anaphases at various 
times after irradiation with 200 roentgens. 
Here again, as with the sarcoma, there is no 
second dip in the curve after 3 hours. 
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TaBLe III: Sarcoma 180: INDUCED CHRoMosoyp 
ABNORMALITIES OBSERVED IN ANAPHASE FOLLowinc 
IRRADIATION WITH 350 ROENTGENS 
Per Corrected 
Cent Per 
Nor- Cent 
mal Normal 


Ab- 
nor- 
mal 


Hours 
after 
Irradiation 


75.5 
68.0 
66.3 
67.9 
71.3 
78.4 
89.5 
94.4 


Chromosomes from the root tips of sey- 
eral quite different species of plants all 
showed curves of the type illustrated in 
Figure 5 (3, 10). Creighton (4) obtained 
the same result with chromosomes of 
grasshopper embryonic and spermatogonial 
cells. Apparently, therefore, the mini- 
mum at 3 hours is characteristic of many 
if not all types of cells, while the second dip 
in the curve at 12 hours is peculiar to lym- 
phoma cells. Although chromosomes of 
the mouse lymphoma which take 3 hours 
to reach anaphase after irradiation are no 
more sensitive than similar chromosomes 
of other tumors (mammary carcinoma, sar- 
coma 180) in the mouse (3), the chromo- 
somes which take 12 hours are much more 
sensitive than those of a similar stage in 
other tumors. 

The bulk of the cells of even a rapidly 
growing tumor are in the resting stage, 
while only a small proportion are at the 
onset of prophase. It is known from ge- 
netic experiments that losses of comparable 
portions of homologous chromosomes 
(homozygous deficiency) lead to death of 
the cell (11, 12). Loss of a portion of a 
single chromosome will lead to the death 
of the cell if the corresponding portion of 
the homologous chromosome carries a re- 
cessive lethal gene. Even if there is no 
lethal effect, the cell may be retarded in its 
reproduction as indicated by the fact that 
growing points of irradiated plants show 
only normal cells a few days after irradia- 
tion. Consequently, a lymphoma cell, 
being sensitive in the resting stage as well 
as at the onset of prophase, will have 4 
greater probability of being eliminated 
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through chromosome damage than other 
tumor cells. This may account, at least in 
part, for the marked radiosensitivity of 
lymphomas. 

Fast neutrons entering tissue produce 
largely recoil protons and a few recoil 
nuclei (C, N, O). The ionization meas- 
ured is produced by these recoil particles. 
Unlike high-voltage x-rays, therefore, the 
relative ionization in air and water (or 
tissue) will not be dependent solely upon 
the relative densities of the two media. 
Furthermore, with neutrons the reading 
on the Victoreen r-meter will vary with the 
composition and thickness of the wall of 
the ionization chamber and the distance 
from the wall to the central collecting wire. 
The “n’” unit is therefore not equal to 
a roentgen. Measurements by Aebersold 


and Anslow indicate that the ‘‘n’”’ unit is 


equal to approximately 2 or 2.5 roentgens..‘ 
This result was obtained, however, by com- 
parison of ionization in different gases and 
consideration of the composition and geom- 
etry of the Victoreen ionization chamber. 
Since this method is quite indirect, it 


would seem unwise to draw definite con- 
clusions concerning the relative efficiency 
of x-rays and neutrons based solely on such 
measurements. 

In order to avoid this difficulty, com- 
parisons have been made of the relative 
efficiency of x-rays and neutrons on dif- 
ferent organisms or on different tissues 
in the same organism (13, 14). These 
experiments showed that the relative ef- 
ficiency of x-rays and neutrons in produc- 
ing injurious or lethal effects varied with 
different organisms or different tissues of 
the same organism. This result could be 
explained, however, by the very reasonable 
assumption that some intracellular systems 
are more sensitive than others and that 
these differ (qualitatively or quantita- 
tively) in the different organisms or tissues. 
In the experiments reported here the 
effects observed are confined to a single 
system, the chromosomes. The only vari- 
able other than dose is the nuclear cycle, 
and this may be further confined to the 

*ABBERSOLD, P. C., AnD ANSLOw, G.: Unpublished. 
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single morphological phase, the resting 
stage. Even with these limitations, it is 
found that the relative efficiency of x-rays 
and neutrons (m/x) rises from 5.8 to 8.8 
in the resting stage of the lymphoma. 
In experiments with chromosomes of the 
root tip of the horse bean (Vicia faba) it 
was found that 2/x varies from 6.6 to 15; 
that is, neutrons were more than twice as 
effective as x-rays in producing chromo- 
some damage in this portion of the resting 
stage, no matter what units are used in 
measuring neutron and x-ray dose (9). It 
was found, furthermore, that chromosomes 
in the second division cycle following 
irradiation showed a much greater fre- 
quency of abnormalities than comparable 
chromosomes treated with x-rays. Since 
neutrons are more efficient in producing 
chromosome damage and since this has an 
ultimate lethal effect on the cell, we may 
expect a greater proportion of tumor cells 
in the same stage to be killed by neu- 
trons than with equivalent amounts of 
x-ray ionization. Even in an actively 
growing tissue the bulk of the cells are 
in the resting stage and comparatively 
few at the onset of the prophase. Conse- 
quently the relative lethal effect may be 
greater than that indicated by the m/x 
ratio. 

In a tumor the number of cells eliminated 
through the production of chromosome ab- 
normalities by x-rays will depend upon the 
percentage of cells in the x-ray-sensitive 
state during the irradiation. When neu- 
trons are used there will be relatively 
greater chromosome damage to cells in the 
resting stage, so that killing of cells by the 
production of chromosome abnormalities 
will be less dependent upon the rate of 
mitosis. In so far as regression of a 
tumor is dependent upon cell death by this 
means, neutrons may be expected to pro- 
duce more regression than x-rays for equiva- 
lent amounts of energy released in the 
tissue. In resistant tumors, where the 
rate of mitosis is low, we may expect the 
relative efficiency of neutrons to be greater 
than in the radiosensitive tumors. Simi- 
larly we may also expect greater damage by 
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neutrons to cells of normal tissues which 
ultimately go through mitosis, e.g., skin. 


SUMMARY 


1. Unlike those of other cells studied, 
chromosomes of a lymphoma in the mouse 
are sensitive to x-rays and neutrons not 
only at the onset of the prophase but also 
in a period during the resting stage, where 
the sensitivity is even greater. 

2. The per cent of chromosomes re- 
maining normal at 8, 12, and 24 hours after 
treatment with either x-rays or neutrons 
is a negative exponential function of the 
dose. At 18 hours the curves are com- 
posite, one portion having the slopes of the 
24-hour curves, the other at lower doses 
the slopes of the 12-hour curves. 

3. The ratio (”/x) of the slopes of these 
curves is a measure of the relative ef- 
ficiency of neutrons and x-rays in produc- 
ing chromosome abnormalities and is inde- 
pendent of the units in which the dose is 
measured. In the lymphoma 1/x rises 
from 5.9 at the onset of prophase to 8.8 in 
one period in the resting stage. In the 
bean Vicia faba the ratio rises from 6.6 to 
15.0. 

4. Since neutrons are more efficient 
than x-rays in producing chromosome 
abnormalities in the nuclear resting stage, 
it is expected that they will produce re- 
gression in tumors resistant to x-rays. 


Radiation Laboratory, University of California 
Berkeley, Calif. 
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The Cyclotron and Its Medical Implication 


During the past twenty-five years, phys- 
ics has assumed a place of increasing im- 
portance in medical investigation. In 
this new and growing field of medical 
physics, one of the most spectacular phases 
has been related to the invention and 
development of the cyclotron. The sym- 
posium published in this issue of Rapt- 
OLOGY summarizes the advances in medi- 
cine that have been made possible by the 
cyclotron. 

The chief interest of the cyclotron to the 
medical profession lies in the fact that it is 
the most practical of the ‘“‘atom-smashing”’ 
machines. The extremely energetic sub- 
atomic particles which it produces are used 
to render elements radioactive or to pro- 
vide a source of neutron radiation. The 
artificially prepared radioactive elements 
can be used to ‘“‘tag’’ or “‘label’”’ elements 
or chemical compounds for metabolic 
studies, or can be used to irradiate diseased 
tissue, as discussed in this symposium. 
The neutron rays produced by the cyclotron 
command the attention of the radiologist 
because they provide a new type of radia- 
tion whose effect on tissues seems to differ 
somewhat from that of the forms of radia- 
tion now in therapeutic use. 

If the cyclotron finds no place in medi- 
cine other than to provide ‘‘tagged atoms’’ 
for metabolic studies, the medical pro- 
fession will owe Ernest Lawrence an ever- 
lasting debt. The technic of investigation 
with tracer substances was developed 
years ago by the Danish physicist, Georg 
Hevesy, using naturally occurring radio- 
active isotopes. It was not until artificial 
radioactive isotopes of the more biologi- 
cally important elements could be pre- 
pared on a large scale that the full poten- 


tialities of this experimental procedure 
were realized. The “tagged” or “‘labelled’”’ 
atoms permit certain metabolic studies 
that older chemical methods could not 
hope to achieve. As a result of these 
studies, a number of extremely important 
changes in the fundamental concepts of 
metabolism have been brought about and 
many more can be foreseen when the tracer 
technic is used on a wider scale. 

Of greater interest to the practising 
radiologist is the use of radioactive iso- 
topes in the treatment of disease. These 
isotopes emit radiations of various types 
which are comparable to those given off 
by radium and its decay products, and to 
the secondary beta particles given off in 
tissue by x-rays. Thus there is nothing 
new or unusual about the radiation from 
the radioactive isotopes now in use. The 
novelty of this form of treatment lies in 
the fact that the chemical nature of the 
isotopes permits them to be incorporated 
into compounds which can be introduced 
into the body. The isotopes then follow 
the normal course of metabolism of the 
element and are taken up by various 
tissues. Radioactive phosphorus, for in- 
stance, is metabolized in greater amounts 
by malignant tissue than by normal tissues. 
The malignant tissue is exposed, there- 
fore, to more of the damaging radiation 
given off by the isotopes than are the 
surrounding tissues. It is important to 
realize that the “selective irradiation’’ 
achieved by use of radioactive isotopes 
requires a new set of principles which is 
entirely different from those which govern 
present methods of radiation therapy. 

Any attempt to evaluate therapy with 
radioactive isotopes would seem out of 
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place in a field which is so new and exten- 
sive. Radioactive phosphorus is the only 
isotope which has been used on a large 
scale, and even in this case statistics for 
comparison with other forms of radiation 
are not available. As used now, it can be 
said that radioactive phosphorus is an 
effective therapeutic agent in the treat- 
ment of chronic leukemias and polycy- 
themia. No claims have been made that 
radioactive phosphorus is superior to roent- 
gen rays in prolonging life. Its appar- 
ent advantages over x-ray are its ease of 
administration and its excellent tolerance 
by the patients. Its disadvantages are its 
expense and the limited amount available. 

Concerning soft-tissue tumors, only the 
most radiosensitive respond to _ radio- 
active phosphorus. This is due to the 
fact that the ultimate depression of blood 
formation resulting from the marked accu- 
mulation of the radioactive isotope in 
bone limits the total amount of radiation 
that can be given to the patient. Certain 
cases of lymphosarcoma, however, respond 
very well to radioactive phosphorus. 

The importance of radioactive isotopes 
in therapy lies not so much in what has 
been achieved at present as in what is likely 
to be accomplished in the future. The 
number of investigators having access to 
radioactive elements is so limited, and the 
field so vast and new, that only a few of the 
isotopes have been studied. Even in the 
case of radioactive phosphorus only the 
essential groundwork of the principles 
underlying this new form of therapy has 
been investigated. The problem of further 
advances in the use of this as well as other 
isotopes is to obtain a greater concentra- 
tion of the isotopes in the desired tissues. 
This resolves itself into a biochemical 
study to determine what other chemical 
combinations of the elements, or factors 
influencing the metabolism of the ele- 
ments, will provide greater selective locali- 
zation. There is much experimental work 
to be done before even the most effective 
method of using phosphorus is determined, 
and it is quite possible that other isotopes 
may prove superior. Indeed, it is true 


that radioactive therapy is still in its jp. 
fancy and it is remarkable that the clinical 
results are so excellent at this early stage 
To the small group of men working on this 
problem, especially those at the Crocker 
Radiation Laboratory in Berkeley, where 
this work was begun, great credit is due for 
these excellent results. 

The use of fast neutrons in cancer ther- 
apy is also of considerable interest to 
radiologists, as this is a new form of radia- 
tion which can be employed in the manner 
of x-rays. As is indicated by the clinical 
and experimental studies reported in this 
issue of RADIOLOGY, neutrons probably 
affect tissues differently than do other 
forms of radiation. Experiments show 
that neutrons are more injurious to cells 
during their resting phase of growth than 
are x-rays and they would thus have a 
greater effect in the more slowly growing 
tumors, in which the proportion of cells 
in this phase of growth is greater than in 
rapidly growing tumors. This is supported 
by clinical studies. Even if it is true that 
neutrons are more effective in certain 
types of tumors, they are subject to the 
same limitations as other forms of external 
radiation. The ultimate use of neutron 
therapy on a large scale will be limited 
by the inaccessibility of cyclotrons for 
direct therapy and by the economic fac- 
tors of the cost of building and running 
these machines. Nevertheless, there is 
much more experimental and clinical work 
to be done before neutron therapy can be 
given its proper evaluation in radiation 
therapy. 

It is evident from the above discussion 
that the cyclotron has already permitted 
the very valuable method of tracer studies 
to become a reality and has opened an 
entire new field of radiation therapy. For 
the duration of the war, there is little 
likelihood of much more investigation, 
particularly in the field of radioactive 
therapy, but in the postwar period one can 
look for great advances, not only in the 
field of medicine, but also in biological and 
industrial research. 

Louts H. HEMPELMANN, JR. 
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TWENTY-EIGHTH ANNUAL MEETING, CHICAGO 
NOV. 30- DEC. 4, 1942 


The Twenty-Eighth Annual Meeting of the Radio- 
logical Society of North America will be formally 
opened by the President, Dr. Leon J. Menville, 
Monday morning, Nov. 30, at 10:30 in the Drake 
Hotel, Chicago. 

The Twenty-seventh Annual Meeting, held in 
San Francisco in 1941, closed on the very eve of the 
Japanese attack on Pearl Harbor and the entrance 
of the United States into the world conflict. Now, 
after a year, the Society is again meeting to consider, 
in addition to the problems of general radiologic 
practice, some of the special problems that face the 
radiologist in a nation at war. 

Under particularly difficult conditions there has 
been arranged a program of exceptional interest, in 
which all phases of radiology—physics, diagnosis, 
therapy, and the more specialized military and 
naval aspects—are included, being represented by 
outstanding authorities in their respective fields. 
The program in full appears below. Its excellence 
should insure the attendance of a large percentage of 
the membership of the Society at the coming meet- 
ing. 

Details of the Annual Refresher Courses, which will 
begin on Sunday, Nov. 29, appeared in the Septem- 
ber issue of RADIOLOGY. 


SCIENTIFIC 


Tentative 


Monday, November 30 


GENERAL SESSION, 10:30 A.M. - 12 M. 


Meeting formally opened by the President. 
. Intussuscepting Lesions of the Small Intestine, C. 
Allen Good, Rochester, Minn. 

2. Pitfalls to Be Avoided in the Roentgen Diagnosis 
of Intracranial Disease, CHARLES W. SCHWARTZ, 
M.D., New York, N. Y. 

Developmental Thinness of the Parietal Bones, 
Joun D. Camp, M.D., Rochester, Minn., and Leo 
A. Nasu, M.D., Fargo, N. D. 

. Special Radiographic View for Diagnosis of Chronic 
Otitis Media, GerHarp Dane ius, M.D., Chicago, 
Ill. 


DIAGNOSTIC SECTION, 2-5 P.M. 
SYMPOSIUM ON ATYPICAL PNEUMONIA 


Chairman: Howard P. Doub, M.D. 
Detroit, Mich. 
- The Probable Incidence and Clinical Features of 
“Virus” Pneumonia, Pau. S$. Ruoaps, M.D., 
Evanston, Il. 


The Entertainment Program, as is fitting, has been 
somewhat curtailed as compared to previous years. 
The Counselors’ luncheon will be held on Monday, 
at 12:30, the Membership Dinner on Monday 
evening, and the President’s Banquet on Thursday 
evening. Lieut. Commander Chester H. Warfield, 
Chief of the Department of Radiology at the Naval 
Hospital, Great Lakes, IIl., Lieut. Col. Alfred A. de 
Lorimier, Director of the Department of Roent- 
genology, Army Medical School, and Dr. Herman E. 
Hillboe, P.A. Surgeon-in-Charge, Tuberculosis Con- 
trol, State Relations Division, will speak at the 
banquet. 

The Carman Lecture will be delivered on Tuesday 
evening by Dr. Eugene P. Pendergrass whose subject 
will be Some Considerations of Excretory Urogra- 
phy as a Test of Renal Function. 

The Ladies’ Program of Entertainment, in the 
hands of Mrs. Warren W. Furey, includes two 
general features: on Tuesday, a tea at the home of 
Dr. and Mrs. H. E. Davis, and on Wednesday, under 
the chairmanship of Mrs. Fay H. Squire, a shopping 
tour of Marshall Fields to be followed by a luncheon 
and fashion show. These will be supplemented by 
numerous privately planned parties and other in- 
formal entertainment. 


PROGRAM 
Outline 


2. Pathological Changes in So-Called Atypical Bron- 
chopneumonia, Orro Sapuir, M.D., Chicago, II. 
Primary Atypical Pneumonia of Unknown Origin, 
P. V. McCartny, Lieut. Colonel, M.C., Camp 
Claiborne, La. 

Primary Atypical Pneumonia of Unknown Etiology, 
F. C. CurtzwiLer, Major, M.C., and B. E. Moors, 
Major, M.C., Camp Davis, N. C. 
Atypical Pneumonia of Probable Virus Origin, C. E 
HuFrorpD, M.D., and A. A. AppLeBaum, M.D., 
Toledo, Ohio (to be read by title). 


Standards for Army Acceptance and Their Applica- 
tion as Illustrated by a Review of Fifty Thousand X- 
Ray Films of Inducted Men, Esmonp R. Lone, Lieut. 
Colonel, M.C., and Wiuiiam H. Srearns, Captain, 
M.C., Washington, D. C. 

Types of Pulmonary Tuberculosis Which Demand 
Disqualification for Active Duty in the Navy C. H. 
WARFIELD, Lieut. Commander, M.C., U.S.N_R., Great 
Lakes, III. 

Infected Cyst of the Lung, Leo G. Rie ter, M.D., 
Minneapolis, Minn. 
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THERAPEUTIC SECTION, 2-5 P.M. 


SYMPOSIUM ON CARCINOMA OF CERVIX UTERI 
Arranged by A. N. Arneson, M.D. 
St. Louis, Mo. 

History of the Treatment of Carcinoma of tre 
Uterine Cervix, Epwarp H. SKINNER, M.D., Kan- 
sas City, Mo. 
Intravaginal X-Irradiation of Malignancy of the 
Cervix, W. WALTER Wasson, M.D., Denver, Colo. 
Further Study of Supervoltage X-Ray Therapy in 
Carcinoma of the Cervix, HErRBert E. Scumitz, 
M.D., Chicago, Il. 
Tissue Dosage in the Control of Carcinoma of the 
Cervix, M. Garcia, M.D., New Orleans, La. 


Experiences in the Treatment of Carcinoma of the 
Cervix Uteri, Lewis C. SHerrey, M.D., Philadel- 
phia, Penna. 

Further Experience with Pneumoperitoneum as 
an Aid in Pelvic Irradiation for Carcinoma of the 
Cervix, L. R. Sante, M.D., St. Louis, Mo. 


X-Ray Therapy in the U. S. Army, Joun L. BARNER, 
Major, M.C., Lawson General Hospital, Atlanta, Ga. 

The Roentgen Therapy of Wilms’ Tumor: Report of 
Cases, Epwarp W. Rowe, M.D., and Mavurice D. 
Frazer, M_.D., Lincoln, Nebr. 


Tuesday, December 1 
GENERAL SESSION, 10:30 A.M. - 12 M. 
Observations on Venography of the Lower Extremi- 
ties, Epcar C. Baker, M.D., Youngstown, Ohio 


SYMPOSIUM: TUMOR CLINICS IN GENERAL 
HOSPITALS 
Arranged by Erich Uhlmann, M.D. and Robert A. 
Arens, M.D., Chicago, Ill. 
The Organization of Tumor Clinics, Bowman 
Crowe .., M.D., Chicago, [IL 
Experience and Results of the Tumor Clinic Organi- 
zation in New York State, Lours Kress, M. D., 
Albany, N. Y. 
The Réle of the Surgeon in the Tumor Clinic, Joun 
A. Woirer, M.D., Chicago, Il. 
Adaptation of the Tumor Clinic Idea for Patients 
of Moderate Means, Georce W. Hoimes, M.D., 
Belfast, Me. 
Practical Aspects of Tumor Clinic Management, 
EFaicn Un_mann, M.D., Chicago, Ill. 
Classification and Filing in Department of 
Roentgenology: The Standard Nomenclature of 
Disease, STELLA F. WaLker, Chicago, Ill, 


DIAGNOSTIC SECTION, 2:30 - 5:00 P.M. 


Experimental and Clinical Myelography with Ethyl 
jodophenylundecylate Panatopaque, T. B. Srein- 
nausen, M.D., J. T. Prati, Ph.D., J. B. Furst, M.D., 
C. E. Duncan, M.D., and S. W. Suirn, M.D., with 


STAFFORD L. WARREN, M.D., and W. H. Strain, Ph.D, 
Rochester, N. Y. 


SYMPOSIUM ON CORRELATION OF DISABILITY 
WITH ROENTGEN FINDINGS 

Correlation of Disability with Roentgen Findings: 
The Skull, Lestre H. Osmonp, M.D., Pittsburgh. 
Correlation of Disability with Roentgen Findings: 
The Thorax, Paut G. Bovarp, M.D., Tarentum, 
Penna. 
Correlation of Disability with Roentgen Findings; 
The Spine, with Reference to Low Back, Forresr 
L. ScHUMACHER, M.D., Pittsburgh, Penna. 
Correlation of Disability with Roentgen Findings: 
The Extremities, EpGar C. BAKER, M.D., Youngs- 
town, Ohio 


THERAPEUTIC SECTION, 2:30-5:00 P.M. 
Chairman: David S. Beilin, M.D. 
Chicago, Ill. 
Radium Treatment of MHypertrophied Lateral 
Bands of the Pharynx, Ropert E. Fricke, M.D., 
Rochester, Minn., and P. N. Pastore, M.D. 
Richmond, Va. 
Raw Egg White in the Treatment of Neoplasms, 
Ira I. Kaplan, M.D., ANNA GOLDFEDER, D.Sc., 
and MILton Zurrow, M.D., New York, N. Y. 
Radiation Therapy in Carcinoma of the Rectum 
and Sigmoid, E. A. Ponie, M.D., J. B. McANeny, 
M.D., and B. K. Lovett, M.D., Madison, Wis. 
Roentgen Therapy for Bronchiogenic Carcinoma, 
EUGENE T. Leppy, M.D., Rochester, Minn. 
Preoperative Roentgen Therapy of Breast Carci- 
noma, Davip S. Dann, M.D., and RoBert Korit- 
SCHONER, M.D., Kansas City, Mo. 
Giant-Cell Tumors: Radiation Therapy; Late 
Results, J. GersHon-Couen, M.D., Philadelphia. 


CARMAN LECTURE, 8:00 P.M. 


Eugene P. Pendergrass 
Philadelphia, Penna. 


Some Considerations of Excretory Urography as a 
Test of Renal Function 


Wednesday, December 2 
GENERAL SESSION, 10:30 - 12 M. 


The Betatron and Depth Dose Results up to 20 
Million Volts, D. W. Kerst, Ph.D., H. W. Koc# 
and P. Morrison, University of Illinois, Urbana, 
Til. 


2. Review of Scott’s Wide Field X-Ray Treatment, 


Grorce E. Prau_er, M.D., Philadelphia, Penna. 
Roentgen Rays in Treatment of Cervical Lymph- 
adenitis, Rrzva Rosu, M.D., and Ws. P. QUINN, 
M.D., New York, N. Y. 

Treatment of Retinoblastoma: Radiation Ther- 
apy Supplementing Surgical Treatment, GALEN 
M. Tice, M.D., and E. J. Curran, M.D., Kansas 
City, Kans. 
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DIAGNOSTIC SECTION, 2-5 P.M. 
SYMPOSIUM ON TRAUMA OF THE HEAD, 
THORAX, AND BACK 
Chairman: Harry E. Mock, M.D. 
Chicago, Ill. 
Pertinent Facts Concerning Etiology, Diagnosis, 
and Management of Head Injuries, Harry E 
Mock, M.D., Chicago, III. 
Roentgenologic Interpretations in Head Injuries, 
Joun C. KENNING, M.D., and I. D. Harris, M.D., 
Detroit, Mich. 


3. Management of Fractured Jaws, FREDERICK W. 


MERRIFIELD, M.D., Chicago, IIl. 

Roentgenologic Diagnosis of Chest Injuries, JAMES 
P. Bennett, M.D., Chicago, Ill. 

Diagnosis and Management of Chest Injuries, 
Jerome R. Heap, M.D., Chicago, Ill. 


3. Anatomical and Physiological Considerations Pre- 


requisite to Diagnosis of Back Trauma. EBEN 
J. Carey, M.D., Milwaukee, Wis. 

Roentgenologic Diagnosis of Back Injuries, S. A 
Morton, M.D., Milwaukee, Wis. 

The Surgeon’s Responsibility in Alleged Back 
Injuries, Harry E. Mock, M.D., Chicago, II. 


THERAPEUTIC SECTION, 2-5 P.M. 
PHYSICS OF RADIOLOGY 

. Some Considerations Regarding the Teaching of 

Radiological Physics, EptrH Quimpsy, Sc.D., New 

York, N. Y. 

A Device for the Construction of Radium Applica- 

tors, H. M. Parker, M.Sc., F. Inst. P., Seattle, 

Wash. 


3. Some Current Applications of Nuclear Physics, J. 


M. Cork, Ph.D., Ann Arbor, Mich. 
Protection in Contact Therapy. Orro GLASSER, 
Ph.D., Cleveland, Ohio 

Differential Response of Tissue to Neutron Radia- 
tion, Frep J. Hopces, M.D., and I. Lampe, M.D., 
Ann Arbor, Mich. 

Study of Roentgen Ray Distribution at 60-100 
Kv.p., Z. J. ATLEE, B.S., and E. D. Trout, A.B., 
Chicago, III. 


Thursday, December 3 
GENERAL SESSION, 10:30 A.M. - 12 M. 


Roentgenological Aspects of Bone and Joint 
Changes in Compressed Air Workers: A Further 
Study, ALFRED L. L. Bett, M.D., Brooklyn, N. Y., 
and Grorce N. Epson, M.D., New York State De- 
partment of Labor. 

Roentgenologic Aspects of Acute and Chronic 
Esophagitis, Lester W. Paut, M.D., Madison, 
Wis. 

Non-Organic Gastric Filling Defects Simulating 
Carcinoma, Epwarp L. JENKINSON, M.D., and 
K. K. Larrerer, M.D., Chicago, Il. 


4. 
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Roentgen Manifestations of Pleuro-Pulmonary 
Involvement in Tularemia, Francis E. Brnss, 
M.D., and Harry I. Beriinc, M.D., St. Louis 


DIAGNOSTIC SECTION, 2:30 - 5:00 P.M. 


Roentgen Diagnosis of Biliary Tract Tumors, 
SAMUEL Brown, M.D., J. E. McCartnuy, M_D., 
and Arcuie Fine, M.D., Cincinnati, Ohio 
Roentgenographic Diagnosis of Neoplasms of the 
Peri-ampullary Region and Head of the Pancreas, 
ALEXANDER BRUNSCHWIG, M.D., and FREDERIC 
E. TempLeton, M.D., Chicago, IIl. 

Diagnostic Value of Pneumoperitoneum, ALBERT 
J. McI_warn, M.D., and J. R. MAXFIELD, Jr., 
M.D., Dallas, Tex. 

Relation of Coincident Anomalies of the Gastro- 
intestinal Tract and Renal Ptosis to Digestive Dis- 
turbance, W. E. Rer_ey, M.D., Clearfield, Penna 
Roentgen Diagnosis of Bronchiogenic Carcinoma, 
HAROLD SHINALL, M.D., St. Louis, Mo 


THERAPEUTIC SECTION, 2:30-5:00 P.M. 


PANEL DISCUSSION ON TREATMENT OF 
CARCINOMA OF THE LARYNX 


Arranged and conducted by U. V. Portmann, M.D. 


Cleveland, Ohio 
Pathology, Wm. C. MacCarty, M.D., Rochester, 
Minn. 
Radium Therapy, Dovcitas Quick, M.D., New 
York, N. Y. 
Roentgen Ray Therapy (200 kv.), Maurice Lenz, 
M.D., New York, N. Y. 
Roentgen Ray Therapy (600 kv.), 
M.D., Detroit, Mich. 
Neutron Therapy, R. S. Stone, M.D., San Fran- 
cisco, Calif. 


T. Levevttia, 


Surgery, Pau. HoLuincer, M.D., Chicago, II. 


Lymphosarcoma: A Clinical Survey, WM. E. Howes, 


M.D., Brooklyn, N. Y. 


Review of Carcinoma of the Bladder Treated by 
Supervoltage 


X-ray During a Five-Year Period, 


FLeTcHerR Coispy, M.D., and M. B. Scuuttz, M.D., 
Boston, Mass. 


Roentgen 


Castration for Malignant and Non- 


Malignant Disease, B. H. Ornporr, M.D., Chicago 


Friday, December 4 


GENERAL SESSION, 10:15 - 12 M. 


Method for the Localization of 
Intraorbital Foreign Bodies, Major SoL_omMon 
Goutpperc, M.C., Carr. Ernest P. Grirrin, Jr., 
M.C., and Carr, Cesare Gianturco, M.C., New 
Orleans, Louisiana 

Use of Small Film X-Ray in Tuberculosis Control, 
Herman E. Hitiesor, P. A. Surgeon-in-Charge, 


. 


Tuberculosis Control, Washington, D. C 


A Stereoscopic 
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Fluoride Osteosclerosis from Drinking Water, 
Joseru F. LinsMAN, Major, M.C., and CRAWFORD 
A. McMurray, Major, M.C., El Paso, Texas 


DIAGNOSTIC SECTION, 2-5 P.M. 


Photographic Methods of Preserving Exhibits, 
Jacos H. Vastine, 2np, M.D., and LAURENCE B. 
RENSTSCHLER, M.D., Philadelphia, Penna. 
Increased Filtration for Diagnostic Purposes, 
Sypney J. Haw.ey, N.D., Danville, Penna. 
Urinary Tract Changes Associated with Pelvic 
Tumors in the Female, FRANKLIN L. Payne, M.D., 
and GeEorRGE W. CHAMBERLIN, M.D., Reading, 
Penna. 

Roentgen Study of the Fetus in Utero, Some Prac- 
tical Considerations, WILLIAM Snow, M.D., and 
MILTON Nabe, M.D., New York, N. Y. 
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THERAPEUTIC SECTION, 2-5 P.M. 


Hydatid Cysts of Bone with the Results of Treat. 
ment, Pepro A. Barcia, M.D., Montevideo, Ury. 
guay 

Treatment of Pituitary Adenoma, L. Henry Gag. 
LAND, M.D., San Francisco, Calif. 


Plastic Induration of the Penis, ALBERT SOILAND, 
M.D., Los Angeles, Calif. 


Use of the Basal Metabolic Rate in the Regula- 
tion of Radiotherapy for Leukemia, Ericn Um. 
MANN, M.D., and MARTIN GOLDNER, M.D., Chicago, 
Ill 

Treatment of Osteogenic Sarcoma with Large Doses 
of Preoperative X-Radiation, R. F. McNartm, 
M.D., Chicago, Il. 


MICHIGAN BOULEVARD—CHICAGO’S FAMOUS FRONT DOOR 


Few streets throughout the world are better known than Chicago’s Michigan Boulevard with Lake Michigan 
and many of Chicago’s famous parks and museums lining one side of the avenue and a typical cross-section 0 
the city’s skyline furnishing the background on the other side 
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FIFTH ANNUAL REFRESHER SERIES 
Chicago, Nov. 29—Dec. 4, 1942 


The following changes have been made in the 
Fifth Annual Refresher Series announced in the 
September issue of RADIOLOGY. 

In Course No. 3, a panel discussion on Radiation 
Therapy, scheduled for Sunday, 2-5 p.M., there 
have been added to the participants in the discus- 
sion of Carcinoma of the Breast, A. R. Metz, M.D., 
Associate Clinical Professor of Surgery (Rush), 
University of Illinois, Chicago (by invitation), and 
Alexander Brunschwig, M.D., Associate Professor 
of Surgery and Roentgenology, The School of 
Medicine of the Division of Biological Sciences, 


President; Dr. Sherwood Moore, St. Louis, Mo., 
President-Elect; Dr. Cornelius G. Dyke, New York 
City, First Vice-President, Dr. Kenneth D. A. Allen, 
Denver, Colo., Second Vice-President, Dr. J. Ben- 
nett Edwards, Leonia, N. J., Treasurer, and Dr. 
H. Dabney Kerr, Iowa City, Iowa, Secretary. 


FLORIDA RADIOLOGICAL SOCIETY 


The newly elected officers of the Florida Radiolog- 
ical Society are: Elliott M. Hendricks, M.D., Fort 
Lauderdale, President; Walter A. Weed, M.D., 
Orlando, Vice-President and Acting Secretary; 
J. Maxey Dell, Jr., M.D., Gainesville, now in service, 
Secretary-Treasurer. 


FIELD MUSEUM OF NATURAL HISTORY, CHICAGO 


University of Chicago (by invitation). Doctor 
Portmann is not taking part in this discussion. 

The discussion on Carcinoma of the Skin, in this 
same course, will be conducted by J. T. Murphy, 
Radiologist, Toledo, Ohio; G. W. Grier, M.D., 
Radiologist, Pittsburgh, Penna.; E. A. Oliver, M.D., 
Associate Clinical Professor of Dermatology (Rush), 
University of Illinois, Chicago (by invitation); 
E. R. Page, M.D., Dermatologist, Chicago (by in- 
vitation); J. F. Sheehan, M.D., Pathologist, Chi- 
cago (by invitation); D. P. Slaughter, M.D., Sur- 
geon, Chicago (by invitation). 

Because of the illness of Dr. Kenneth S. Davis, 
Course No. 25, Thursday, 8:30-10 a.m., on Radiol- 
ogy of the Small Intestine, will be given by Harry 
M. Weber, M.D., of Rochester, Minn. 


AMERICAN ROENTGEN RAY SOCIETY 

At the Forty-third Annual Meeting of the Ameri- 
can Roentgen Ray Society in Chicago, Sept. 15-18, 
the following officers were elected for the ensuing 
year: Dr. Ralph S. Bromer, Bryn Mawr, Penna., 


CONSERVATION OF EQUIPMENT 


While the importance of conservation in all fields is 
continually before us, it may not be amiss to direct 
the attention of radiologists to its practice in their 
own specialty. Since there will of necessity be a 
considerable curtailment of x-ray equipment avail- 
able for civilian use for the duration of the war, the 
necessity of keeping apparatus in the best possible 
condition and at the top notch of efficiency is appar 
ent. Neglect in this respect may lead not only to 
personal loss and inconvenience but constitutes a 
real disservice to our country in these critical times. 


In Memoriam 


JOSEPH CHARLES BAIRD, M.D. 
1884-1942 
Dr. Joseph Charles Baird, of Eau Claire, Wis., died 
at the age of fifty-eight, on Aug. 3, 1942. Doctor 
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Baird was graduated in 1907 from Hahnemann 
Medical College and Hospital, Chicago. He was 
director of the roentgen laboratory of Luther Hos- 
pital, Eau Claire, from 1912 to 1923, and of the 
roentgen laboratory of Sacred Heart Hospital from 
1910 to 1937 and from 1940 until his death. He was 
a diplomate of the American Board of Radiology, a 
fellow of the American College of Radiology, and a 
member of the Radiological Society of North 
America. 

During World War I Doctor Baird was a first 
lieutenant in the Medical Corps of the U. S. Army. 
He was an instructor in military roentgenology at 
Cornell University Medical College, New York, 
and served with the Johns Hopkins unit and the 
127th Field Hospital in France. 


JOHN WATSON CATHCART, M.D. 
1877-1942 


Dr. John Watson Cathcart, a pioneer in the use of 
radium and x-rays in the Southwest, died on Sept. 
13, 1942, in El Paso, Texas. He was graduated from 
Northwestern University Medical School in 1903 
and served his internship at the Hétel Dieu, Sisters’ 
Hospital, in El Paso, where his entire professional 
life was spent. 

Doctor Cathcart was a past president of the El 
Paso County Medical Society, a member of the 
Southwestern and Texas Medical Societies, and of 
the American Radium Society. He was a fellow 


of the American College of Radiology and a member 
of the American Roentgen-Ray Society and the 
Radiological Society of North America, both of 
which he served as counselor. 


EDWARD G. MINOR, M.D. 
1888-1942 
The death of Dr. Edward G. Minor of Detroit 
occurred suddenly on Sept. 9, 1942, leaving with 
his many friends and colleagues a sense of serious 
loss. 


ANNOUNCEMENTS 


November 1942 


Doctor Minor was graduated from the Detroit 
College of Medicine and Surgery in 1912. After a 
short period of general practice he specialized jn 
roentgenology and in 1920 became Chief of the De- 
partment of Radiology at the Highland Park General 
Hospital, which position he held at the time of his 
death. Doctor Minor had been a member of the 
Radiological Society of North America since 1934, 
He was also a member of the Detroit Roentgen Ray 
and Radium Society, of which he was a past presi- 
dent, and a diplomate of the American Board of 
Radiology. 


Books Received 


Books received are acknowledged under this head- 
ing, and such notice may be regarded as recognition 
of the courtesy of the sender. Reviews will be pub- 
lished in the interest of our readers and as space 
permits. 


Wark Mepictne. A Symposium. Editor: Wuy- 
FIELD Scott PuGH, M.D., Commander (M.C.), 
U.S.N., Retired, Formerly Surgeon, City Hospital, 
New York City. Associate Editor: Epwarp 
Popo.tsky, M.D. Technical Editor: DAacopert 
D. Runes, Ph.D. A volume of 565 pages. Pub- 
lished by F. Hubner & Co., Inc., New York City, 
1942. Price $7.50. 


TRAUMATIC SURGERY OF THE JAWS, INCLUDING 
First-Aip TREATMENT. By Kurt H. THoma, 
D.M.D., Professor of Oral Surgery and Brackett 
Professor of Oral Pathology, Harvard University; 
Oral Surgeon to .Brooks Hospital; Consulting 
Oral Surgeon to New England Baptist Hospital; 
Visiting Oral Surgeon, Beth Israel Hospital; 
Surgeon, Denta! Department, and Consultant to 
Tumor Clinic, Boston Dispensary. A volume of 
315 pages with 282 figures. Published by The 
C. V. Mosby Company, St. Louis, 1942. Price 
$6.00. 
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Réditor’s Note-—Will secretaries of societies please co- 
operate by sending information to Howard P. Doub, 
M_D., Editor, Henry Ford Hospital, Detroit, Mich. 


UNITED STATES 


Radiological Society of North America.—Secretary, D. S. 
Childs, M.D., 607 Medical Arts Building, Syracuse, 
N. Y. 

American Roentgen Ray Society.—Secretary, Harold 
Dabney Kerr, M.D., Iowa City, Iowa. 

American College of Radiology.—Secretary, Mac F. 
Cahal, 540 N. Michigan Ave., Chicago, Ill. 

Section on Radiology, American Medical Association.— 
Secretary, J. T. Murphy, M.D., 421 Michigan St., 
Toledo, Ohio. 


ARKANSAS 
Arkansas Radiological Society.—Secretary-Treasurer, J. 
S. Wilson, M.D., Monticello. Meets every three 
months and annually at meeting of State Medical 
Society. 


CALIFORNIA 
California Medical Association, Section on Radiology.— 
Secretary, Joseph D. Coate, M.D., 434 Thirtieth St., 
Oakland. 


Los Angeles County Medical Association, Radiological 
Section —Secretary, Donald R. Laing, M.D., 65 N. 
Madison Ave., Pasadena. Meets second Wednesday of 
each month at County Society Building. 

Pacific Roentgen Society.—Secretary-Treasurer, L. Henry 
Garland, M.D., 450 Sutter St., San Francisco. Society 
meets annually during annual meeting of the California 
Medical Association. 

San Francisco Radiological Society.—Secretary, Earl 
R. Miller, M.D., Uuiversity of California Hospital. 
Meets monthly om third Thursday at 7:45 p.m., for 
the first six months at Toland Hall (University of Cali- 
fornia Medical School); second six months at Lane 
Hall (Stanford University Schoel of Medicine). 


COLORADO 
Denver Radiological Club.—Secretary, Edward J. Meis- 
ter, M.D., 366 Metropolitan Bldg. Meetings third 
Friday of each month at the Denver Athletic Club. 


CONNECTICUT 
Connecticut State Medical Society, Section on Radiology. 
—Secretary-Treasurer, Max Climan, M.D., 242 Trum- 
bull St., Hartford. Meetings bimonthly, on second 
Thursday. Place of meeting selected by Secretary. 


FLORIDA 
Florida Radiological Society——Acting Secretary, 
Walter A. Weed, M.D., 204 Exchange Building, Orlando. 


GEORGIA 
Georgia Radiological Society.—Secretary-Treasurer, Rob- 
ert C. Pendergrass, M.D., Prather Clinic Bldg., 
Americus. Meetings twice annually, in November and 
at the annual meeting of State Medical Association. 


ILLINOIS 
Chicago Roentgen Society.—Secretary, Warren W. 
Furey, M.D., 6844 S. Oglesby Ave. Meets at the 
Palmer House, second Thursday of October, No- 
vember, January, February, March, and April. 


Illinois Radiological Society.—Secretary-Treasurer, Wil- 
liam DeHollander, M.D., St. Johns’ Hospital, Spring- 
field. Meetings quarterly by announcement. 
Illinois State Medical Society, Section on Radiology.— 
Secretary, Fay H. Squire, M.D., 1753 W. Congress St., 
Chicago. 

INDIANA 
The Indiana Roentgen Society.—Secretary-Treasurer, 
Harold C. Ochsner, M.D., Methodist Hospital, Indian- 
apolis. Annual meeting in May. 


IOWA 

The Iowa X-ray Club.—Holds luncheon and business 
meeting during annual session of Iowa State Medical 
Society. 

KENTUCKY 
Kentucky Radiological Society.—Secretary-Treasurer, 
Sydney E. Johnson, M.D., Louisville City Hospital, 
Louisville. Meeting annually in Louisville, third Satur- 
day afternoon in April. 

LOUISIANA 
Louisiana Radiological Society.—Secretary-Treasurer, 
Johnson R. Anderson, M.D., North Louisiana Sani- 
tarium, Shreveport. Meets annually at same time as 
State Medical Society. 
Shreveport Radiological Club.—Secretary-Treasurer, W. 
R. Harwell, M.D. Meetings monthly on the second 
Wednesday, at the offices of the various members. 


MARYLAND 
Baltimore City Medical Society, Radiological Section.— 
Secretary, Walter L. Kilby, M.D., 101 W. Read St. 
Meetings are held the third Tuesday of each month. 


MICHIGAN 

Detroit X-ray and Radium Society.—Secretary-Treasurer, 
E. R. Witwer, M.D., Harper Hospital, Detroit. Meet- 
ings first Thursday of each month from October to May, 
inclusive, at Wayne County Medical Society club 
rooms, 4421 Woodward Ave., Detroit. 

Michigan Association of Roentgenologists.—Secretary- 
Treasurer, E. M. Shebesta, M.D., 1429 David Whitney 
Bldg., Detroit. Meetings quarterly by announcement. 


MINNESOTA 
Minnesota Radiological Society.—Secretary, John P. 
Medelman, M.D., 572 Lowry Medical Arts Bldg., St. 
Paul. Meetings quarterly. 


MISSOURI 
Radiological Society of Greater Kansas City.—Secretary, 
Arthur B. Smith, M.D., 306 E. 12th St., Kansas City, 
Mo. Meetings last Thursday of each month. 
The St. Louis Society of Radiologists.—Secretary, Wilbur 
K. Mueller, M.D., University Club Bldg. Meets on 
fourth Wednesday of each month except June, July, 
August, and September, at a place designated by the 
president. 

NEBRASKA 
Nebraska Radiological Society.—Secretary, D. A. Dow- 
ell, M.D., 816 Medical Arts Bldg., Omaha. Meetings 
third Wednesday of each month at 6 P.M. in either 
Omaha or Lincoln. 


NEW ENGLAND 
New England Roentgen Ray Society (Maine, New Hamp- 
shire, Vermont, Massachusetts, and Rhode Island).— 
Secretary, Hugh F. Hare, M.D., Lahey Clinic, Boston, 
Mass. Meets monthly on third Friday at Boston 
Medical Library. 
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NEW JERSEY 
Radiological Society of New Jersey.—Secretary, H. J. 
Perlberg, M.D., Trust Co. of New Jersey Bldg., Jersey 
City. Meetings at Atlantic City at time of State 
Medical Society and midwinter in Newark as called by 
president. 

NEW YORK 
Associated Radiologists of New York, Inc.—Secretary, 
William J. Francis, M.D., 210 Fifth Ave., New York 
City. Regular meetings the first Monday evening of 
the month in March, May, October, and December. 
Brooklyn Roentgen Ray Society.—Secretary-Treasurer, 
Leo Harrington, M.D., 880 Ocean Ave. Meetings held 
the fourth Tuesday of every month, October to April 
Buffalo Radiological Society.—Secretary-Treasurer, 
Joseph S. Gianfranceschi, M.D., 610 Niagara St. 
Meetings second Monday evening each month, October 
to May, inclusive. 
Central New York Roentgen Ray Society.—Secretary- 
Treasurer, Carlton F. Potter, M.D., 425 Waverly Ave., 
Syracuse. Meetings are held in January, May, and 
October, as called by Executive Committee. 
Long Island Radiological Society.—Secretary, Marcus 
Wiener, M.D., 1430 48th St., Brooklyn. Meetings 
fourth Thursday evening each month at Kings County 
Medical Bldg. 
New York Roentgen Society—Secretary, Maurice 
Pomeranz, M.D., 1120 Park Ave., New York, N. Y. 
Rochester Roentgen-ray Society.—Secretary, S. C. David- 
son, M.D., 277 Alexander St. Meetings at convenience 
of committee. 


NORTH CAROLINA 
Radiological Society of North Carolina.—Secretary- 
Treasurer, Major I. Fleming, M.D., 404 Falls Road, 
Rocky Mount. Meeting with State meeting in May, 
and meeting in October. 


NORTH DAKOTA 
North Dakota Radiological Society.—Secretary, L. A. 
Nash, M.D., St. John’s Hospital, Fargo. Meetings 
by announcement. 


OHIO 
Ohio Radiological Society.—Secretary, J. E. McCarthy, 
M.D., 707 Race St., Cincinnati. The next meeting will 
be held at the time and place of the annual meeting 
of the Ohio State Medical Association. 
Cleveland Radiological Society.—Secretary-Treasurer, 
J. O. Newton, M.D., 13921 Terrace Road, East Cleve- 
land. Meetings at 6:30 p.m. at the Mid-day Club, in 
the Union Commerce Bldg., on fourth Monday of each 
month from October to April, inclusive. 
Radiological Society of the Academy of Medicine (Cin- 
cinnati Roentgenologists).—Secretary-Treasurer, Samuel 
Brown, M.D., 707 Race St. Meetings held third 
Tuesday of each month. 


PENNSYLVANIA 
Pennsylvania Radiological Society.—Secretary-Treasurer, 
L. E. Wurster, M.D., 416 Pine St., Williamsport. 
The Society meets annually. 
The Philadelphia Roentgen Ray Society.—Secretary, 
Robert P. Barden, M.D., 3400 Spruce St., Phil- 
adelphia. Meetings held first Thursday of each 
month at 8:15 p.m., from October to May, in Thomson 
Hall, College of Physicians, 21 S. 22nd St., Philadel- 
phia. 
The Pittsburgh Roentgen Society.—Secretary-Treasurer, 
Reuben G. Alley, M.D., 4800 Friendship Ave., Pitts- 
burgh, Pa. Meetings are held on the second Wednes- 
day of each month at 4:30 p.m., from October to June, 
at the Pittsburgh Academy of Medicine, 322 N. Craig 
St. 
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ROCKY MOUNTAIN STATES 
Rocky Mountain Radiological Society (North Dakota 
South Dakota, Nebraska, Kansas, Texas, Wyoming 
Montana, Colorado, Idaho, Utah, New Mexico) — 
Secretary, A. M. Popma, M.D., 220 North First St 
Boise, Idaho. y 


SOUTH CAROLINA 
South Carolina X-ray Society.—Secretary-Treasyurey 
Robert B. Taft, M.D., 103 Rutledge Ave., Charleston 
Meeting in Charleston on first Thursday in Novem. 
ber, also at time and place of South Carolina State 
Medical Association. 


TENNESSEE 
Club.—Chairmanship rotates 


Memphis Roentgen 
Meetings second Tues- 


monthly in alphabetical order. 


day of each month at University Center. 


Tennessee Radiological Society.—Secretary-Treasurer, 
J. Marsh Frére, M.D., 707 Walnut St., Chattanooga. 
Meeting annually with State Medical Society in April, 


TEXAS 


Texas Radiological Society.—Secretary-Treasurer, L. W. 
Baird, M.D., Scott and White Hospital, Temple. 


VIRGINIA 
Virginia Radiological Society.—Secretary, Charles H 
Peterson, M.D., 603 Medical Arts Bldg., Roanoke. 


WASHINGTON 
Washington State Radiological Society.— Secretary-Treas- 
urer, Kenneth J. Holtz, M.D., American Bank Bldg., 
Seattle. Meetings fourth Monday of each month at 
College Club, Seattle. 


WISCONSIN 
Milwaukee Roentgen Ray Society.—Secretary-Treasurer, 
C. A. H. Fortier, M.D., 231 W. Wisconsin Ave., Mil- 
waukee. Meets monthly on second Monday at the 
University Club. 
Radiological Section of the Wisconsin State Medical 
Society.—Secretary, Russell F. Wilson, M.D., Beloit 
Municipal Hospital, Beloit. Two-day annual meet- 
ing in May and one day in connection with annual 
meeting of State Medical Society, in September. 
University of Wisconsin Radiological Conference— 
Secretary, E. A. Pohle, M.D., 1300 University Ave., 
Madison, Wis. Meets every Thursday from 4 to 5 
P.M., Room 301, Service Memorial Institute. 


CANADA 
Section on Radiology, Ontario Medical Association.— 
Secretary, W. J. Cryderman, M.D., 474 Glenlake Ave- 
nue, Toronto. 
Canadian Association of Radiologists.—Honorary Secre- 
tary-Treasurer, A. D. Irvine, M.D., 540 Tegler Bidg.. 
Edmonton, Alberta. 
La Société Canadienne-Frangaise d’Eléctrologie & de 
Radiologie Médicales.—General Secretary, Origéne Du- 
fresne, M.D., Institut du Radium, Montreal. Meet- 
ings are held the third Saturday of each month, get- 
erally at the Radium Institute, 4120 East Ontario 
Street, Montreal; sometimes, at homes of members. 


CUBA 
Sociedad de Radiologia y Fisioterapia de Cuba.—Ofhest 
in Hospital Mercedes, Havana. Meetings are hel 


monthly. 
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ROENTGEN DIAGNOSIS 


THE HEAD AND NECK 


Brain Abscess of Uncommon Origin—Relation to 
Osteomyelitis of the Skull. A Clinicopathologic Study. 
V. W. Eisenstein, E. D. Friedman, and C. Davison. 
Ann. Surg. 115: 336-355, March 1942. 

In this paper the authors consider the mechanism 
whereby a simple local infection about the head or neck 
may lead to intracranial involvement, devoting special 
attention to the intermediate réle of osteomyelitis. 
They report 9 cases of brain abscess, all originating in 
relatively common infections. Two followe.! infections 
in the pharynx; 3 were secondary to furunculosis of the 
face and scalp; 4 were complications of paranasal sinus 
infection. Gross or microscopic foci of cranial osteo- 
myelitis were found in 5 of the cases in which such 
lesions were the object of special search, and in the re- 
maining cases the pathologic process (empyema of a 
paranasal sinus) strongly suggested the presence of 
bone involvement. 

The authors discuss in some detail the routes of 
septic migration from an extracranial source to the tables 
of the skull and thence to the brain. The evolution of 
the brain abscess they divide into three phases: (1 
localized encephalitis; (2) liquefaction and encapsula- 
tion; (3) extension and rupture. 

Clinically the initiation of osteomyelitis may be 
suggested by repeated chills in the presence of an in- 
fection about the head. As bone caries does not occur 
until seven or ten days after invasion, frank roentgeno- 
graphic findings are not evident during the early 
stages. The phase of osteomyelitis is characterized by 
a toxic, febrile course, leukocytosis, and frequent chills. 
A latent period of apparent clinical improvement often 
supervenes, followed after days or weeks by septic 
temperature, headache, and vomiting. Then nuchal 
rigidity, focal neurologic signs, increased spinal fluid 
pressure, and pleocytosis develop, indicating the pres- 
ence of brain abscess. 

Early diagnosis of osteomyelitis, before the evidence 
of roentgenographic changes, and complete removal 
of all infected bone with interruption of the venous 
channels in the bone which carry the infection inward 
are the only rational treatment. 

The authors make frequent reference to the literature 
and append a bibliography of forty titles. 


Calcified Intracerebral Hematoma. E.G. Grantham 
and E. A. Smolik. Ann. Surg. 115: 465-468, March 
1942. 

Large, solitary intracerebral hematomas, while not a 
common complication of head trauma, are frequent 
enough to justify consideration when focal symptoms 
with increase of intracranial pressure follow such an 
injury. In the authors’ clinic (University of Louis- 
ville, Ky.) 6 intracerebral hematomas have been re- 
moved surgically. Presumably, many smaller ones are 
absorbed and the patient recovers without surgical 
intervention. For one to become completely calcified is 
certainly a rare occurrence. 

A case is reported, in which there was a history of 
head trauma 33 years prior to admission, with symp- 
toms indicating clearly the occurrence of hemorrhage 
into the occipital lobe. Roentgenograms showed a 


dense, sharply defined, slightly irregular shadow in the 
right posterior parietal area, approximately midway 
between the vertex and base of the skull and between 
the right lateral wall of the skull and the mid-line 
This shadow was about 4 cm. in diameter and its 
general shape was spherical. A calcified mass was re. 
moved via a right parieto-occipital craniotomy and a 
pathologic diagnosis of calcified hematoma was made. 
J. A. L. McCuttoucn, M.D 


Oxycephaly. J. E. J. King. Ann. Surg. 115: 4g8- 
506, April 1942. 

Oxycephaly and related malformations of the skull 
(acrocephaly, dolichocephaly, scaphocephaly, ‘‘tower- 
skull,’’ Turmschadel, Schadelmissbildung, etc.) are 
due to premature closure of the suture lines and their 
obliteration previous to the closure of the anterior 
fontanelle. This process—craniostosis—prevents the 
proper development of skull and brain. The brain 
continues to exert marked intracranial pressure in all 
directions and the skull gives way at the point of least 
resistance, usually in the region of the anterior fon- 
tanelle. The bony margins are pushed upward, and 
further ossification takes place about the area of the 
fontanelle, until, finally, complete ossification occurs 
The result is a distorted, misshapen skull. 

When the brain continues to grow in such cramped 
quarters, certain symptoms, signs, and characteristics 
make their appearance. These include (1) headaches, 
which may occur at such an early age that they are not 
recognized; (2) irritability and mental dullness; (3) 
characteristic convolutional markings and thinning of 
the dura; (5) unusual and abnormal irregularities of 
the skull involving most frequently and prominently 
the site of the anterior fontanelle; (6) tremendous 
increase in intracranial pressure as shown by measure- 
ment of the intraventricular pressure and extreme 
diminution in the size of the ventricles (ventriculo- 
grams); (7) bilateral papilledema, followed by atrophy, 
resulting in failing vision and blindness; (8) marked 
bilateral exophthalmos; (9) generalized convulsions. 
If the condition does not become arrested, it progresses 
gradually, and death ensues. 

Whatever the type of skull deformity, the roentgen 
findings are similar. One of the most distinctive 
features is the generalized convolutional markings of the 
bones forming the cranial vault, giving a wavy, billowy 
appearance like fluffy clouds. This effect is more 
marked in the lateral view, where all bones forming the 
cranial cavity (with exception of the base) show similar, 
if not identical, markings. The floors of the middle and 
posterior fossae are depressed, with corresponding de- 
pression of the petrous pyramid and ears, and depres- 
sion, relative lengthening, and narrowing of the sella 
The frontal, sphenoid, and maxillary sinuses 
are small. The orbits are blunted and shallow, thus 
decreasing the orbital capacity. The lower jaw 1s 
prognathous and protrudes prominently due to down- 
ward displacement of the mandibular fossa. 

The author describes his operative procedure, first 
used in 1936. It was originally carried out in two 
stages but is preferably done in a single stage, if circum- 
Four cases thus treated are reported. 


turcica. 


stances permit. 
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Immediate improvement was obtained in all. Hypo- 
pituitarism, which was present to some degree in all 
the cases, may be affected by the diminution of the 
increased intracranial pressure afforded by the opera- 
tion. The author does not advocate the procedure in 
cases of microcephaly or idiocy but believes that good 
results should follow its performance in true oxy- 
cephaly. J. A. L. McCuttoucn, M.D. 


THE CHEST 


Abscess Lung. R. Mahadevan. 
185-195, April 1942. 

A series of 21 cases of lung abscess is recorded. One 
case occurred postoperatively following excision of a 
carcinoma of the tongue. One case was secondary toa 
ruptured liver abscess. In 2 cases the abscesses were 
attributed to a superimposed infection in patients with 
a congenital bronchiectasis, while a fifth case appar- 
ently followed an attack of influenzal bronchopneu- 
monia. The rest of the series the author classifies 
as idiopathic, or cryptic, since no immediate factor 
could be postulated, though the majority of this group 
gave a history of long hours of work in a dust-laden, 
moist, ill-ventilated environment. 

The first place in diagnosis is assigned to x-ray 
examination, which serves to localize the lesion with a 
degree of certainty not otherwise obtainable; this is 
important not only for surgical approach but for 
postural treatment as well. Both anteroposterior and 
lateral views taken in the erect position are essential, 
and these may be supplemented by roentgenograms 
made with the patient lying on his side or by tomog- 
raphy. 

In general, medical treatment is unsatisfactory ex- 
cept as a preoperative measure. Sixteen of the author's 
patients were operated upon, with a mortality rate of 
56 per cent. 

Roentgenograms illustrative of various cases are re- 
produced 
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THE DIGESTIVE TRACT 


Cardiospasm. C. Eggers. Ann. Surg. 115: 215-227, 

February 1942. 

Cardiospasm is the designation most commonly 
applied to a condition which other authors have called 
diffuse dilatation of the esophagus, idiopathic dilatation, 
mega-esophagus, achalasia of the cardia, or phreno- 
spasm. Whatever designation is used, the diagnosis 
rests on finding a diffuse esophageal dilatation with 
obstruction at the lower end during the life of the 
patient, but with no anatomic stenosis demonstrable 
either at operation or postmortem. 

Cardiospasm is second in frequency to carcinoma in 
producing symptoms of esophageal obstruction. It 
affects people of all ages, including infants and children 
The outstanding symptoms are pain, dysphagia, and 
regurgitation. 

Roentgen examination with a contrast medium shows 
dilatation of the esophagus ending, usually at the level 
of the diaphragm but sometimes at a somewhat higher 
level, in a smooth, tapering constriction. Only very 
rarely has the dilatation been observed to extend to 
the anatomic cardia. Peristaltic waves are often ob- 
served fluoroscopically and occasionally reverse peri- 
stalsis is present. Where the condition has existed for 
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a long time, a preliminary roentgenogram of the chest 
may show the straight border of a shadow of increased 
density extending into the lung field to the right of the 
cardiac and upper mediastinal shadows. In some 
cases of long standing the esophagus becomes elongated 
and sacculated, producing an appearance simulating a 
diverticulum. Actual diverticula may also develop as 
the result of pressure within the esophagus, causing 
bulging at weak portions of the wall. In addition to 
the roentgen examination, the author found esophagos- 
copy of great value in the differential diagnosis. The 
etiology and treatment of the disorder are discussed at 
length. J. A. L. McCuttoucn, M.D 


Regional Enteritis. R. Warren and R. H. Miller. 
New England J. Med. 226: 589-593, April 9, 1942. 

In the period between 1930 and 1940 there were 
treated at the Massachusetts General Hospital 43 cases 
of regional enteritis. These are classified as follows: 
6 acute cases, 15 diarrheic, 13 obstructive, 4 fistulous, 
5 symptomless. 

The diagnosis of regional ileitis is made in one of 
three ways; pathological examination; gross ob- 
servation at the operating table; roentgenography. In 
this series 16 of 30 cases subsequently proved at opera- 
tion were correctly diagnosed by x-ray; in 11 cases no 
definite diagnosis was made; in 3 cases the diseased 
bowel appeared normal on x-ray examination. In 
roentgen diagnosis the four signs of Kantor (J. A. M. A. 
103: 2016, 1934)—(a) the “‘string”’ sign, (5) filling defect 
in the terminal ileum and (c) dilated bowel above it, 
(d) conical shape of the barium shadow—proved 


helpful, but in some cases a correct x-ray diagnosis was 


made before these were evident. The motility study of 
the intestine with hourly films was of greatest value, 
but whatever the result of such studies the authors 
consider a barium enema requisite for completeness. 

Pathologically the process is a chronic granuloma in 
the intestinal wall and mesentery. Microscopically, 
the appearance is that of chronic inflammation with 
fibroplasia, giant cells, and even epithelioid cells. The 
etiologic agent has not as yet been discovered. 

No particular form of treatment is constant in its 
results. At present the plan is to treat the acute case 
conservatively because of possible spontaneous re- 
gression. Operation, either resection or detour pro- 
cedures, should be governed by specific indications. 
Of the 26 cases in the authors’ series in which resection 
was done, satisfactory results were obtained in only 8. 
Two of 5 patients treated by detour procedures were 
well. Conservative measures were used in 12 cases, 
5 of which are classed as recoveries, while 4 others 
showed persistence of symptoms but no incapacitation 

The prognosis is variable. Some patients are cured 
by surgery; some have regressions; in others the 
condition remains stationary or becomes progressively 
worse, with evidence of extension of the disease. 

Joun McAneny, M.D 


Metabolic Studies in Patients with Cancer of the 
Gastrointestinal Tract. Hepatic Dysfunction. J. C. 
Abels, P. E. Rekers, G. E. Binkley, G. T. Pack, and 
C. P. Rhoads. Ann Int. Med. 16: 221-240, February 
1942, 

In a previous communication (J. Clin. Investigation 
20: 749-764, 1941) it was demonstrated that about 85 
per cent of patients with cancer of the gastro-intestinal 
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tract had abnormally low plasma levels of vitamin A. 
In the majority of the cases this was believed to be due 
to an inability of the liver to store the vitamin or to 
distribute it properly. It thus appeared desirable to 
study in greater detail the hepatic function of patients 
having cancer of the gastro-intestinal tract; to cor- 
relate, if possible, the existence of hepatic dysfunction 
with the presence of the cancer; and finally, to note 
what relation hepatic function might bear to the 
ability to withstand operative procedures and to the 
postoperative course. 

It was believed that an estimation of liver function 
could be obtained from tests measuring the ability of 
the liver to synthesize, store, conjugate, and excrete 
metabolites. Four groups of persons were studied: 
(a) 25 normal adults, (b) 29 patients with atrophic 
gastritis and leukoplakia of the oral mucosa, (c) 62 
patients with cancer of the gastro-intestinal tract, and 
(d) 19 patients whose neoplasm had been successfully 
removed by surgery. 

Determinations were made, by standard procedures, 
of plasma prothrombin, serum bilirubin, serum pro- 
teins, plasma vitamin A, urinary excretion of glu- 
curonates, mean corpuscular volume of erythrocytes, 
urinary and fecal excretion of urobilinogen, serum 
cholesterol, and cholesterol esters. 

The following conclusions were reached: 

(1) Patients with cancer of the gastro-intestinal 
tract show a high incidence of hepatic dysfunction. 

(2) The incidence of hepatic dysfunction is con- 
siderably less in patients who have had cancer of the 
gastro-intestinal tract removed surgically. 

(3) The incidence of hepatic dysfunction is consider- 
ably less in patients with such lesions as atrophic gas- 
tritis and leukoplakia of the oral mucous membranes. 

(4) The existence of hepatic dysfunction in patients 
with cancer of the gastro-intestinal tract is especially 
important because of the augmented hazard it imposes 
on the operative and postoperative course. Delayed 
wound healing, refractory anemia, hemolytic reactions 
to transfusion, hypoproteinemia, and hypoprothrom- 
binemia may all be associated with, and possibly are 
due to, liver insufficiency. 

J. A. L. McCu.toucn, M.D. 


Sarcoma of the Small Intestine: Report of Four 
Cases. L. W. Frank, A. J. Miller, and J. C. Bell. Ann. 
Surg. 115: 544-565, April 1942. 

The authors have reviewed all cases of sarcoma of 
the small intestine that have appeared in the literature 
since January 1932, listing these in their bibliography, 
and have added 4 cases of their own. 

Sarcoma of the small intestine is a rare lesion. 
Medinger (Surg., Gynec. & Obst. 69: 299, 1939) is cited 
as having found 22 malignant tumors of the small in- 
testine in 42,456 examinations (operation and autopsy), 
and of these only 6 were sarcomas. The lesion is more 
common in males than females, in the ratioof 3to1. Of 
102 cases studied, 69 were of the lymphoblastoma 
group, 23 were leiomyosarcoma or myosarcoma (one 
case). There were 6 fibrosarcomas, 3 neuorofibrosar- 
comas, and 1 spindle-cell sarcoma. 

The symptoms vary with the site of the lesion, and 
diagnosis is seldom made previous to operation. The 
earlier writers decried the value of roentgenologic 
studies in these cases, but within recent years this 
opinion has been reversed. Medinger states that 
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roentgen studies are of value in 50 per cent of cases, 
and Cameron emphasizes their importance. Roent- 
genoiogically tumors of the small bowel fall into two 
groups: (1) those causing a high degree of obstruction 
at the site of involvement and (2) those in which ob. 
struction is not a factor of importance. 

The site of those lesions which cause a high degree of 
obstruction may be demonstrated at times by plain 
films of the abdomen made with the patient in the 
horizontal and upright positions. In such cases dis. 
tended loops of the small bowel may be seen and the 
approximate site of obstruction indicated by their 
appearance and by the point at which the column of 
gasends. The mucosal foldsof various parts of the small 
bowel differ quite markedly in appearance, and this 
characteristic is of aid in localizing the growth. For 
obstructive lesions demanding further investigation, a 
small amount of barium has sometimes been given, and 
the column traced downward to the point of obstruc. 
tion. The safest procedure is to pass a Miller-Abbott 
tube into the small intestine and to trace its progress 
downward, decompressing the bowel en route, till the 
progress is arrested. The lesion itself can then fre- 
quently be outlined by injecting opaque material 
through the tube. 

In non-obstructing new growths the only satis. 
factory method of demonstration is the so-called 
“small bowel study,” in which 90 to 180 c.c. of an 
aqueous suspension of barium sulphate are given by 
mouth and the progress through the small intestine 
observed at frequent intervals. Non-obstructing new 
growths of the small intestine manifest themselves by 
deformity of the lumen, obliteration of the mucosal 
folds, or evidence of mild interference with the progress 
of the column. 

There is but one treatment for malignant intestinal 
neoplasms, regardless of location; that is radical ex- 
tirpation. Irradiation has a place, however, in treat- 
ment of sarcoma of the small intestine, especially of the 
lymphoid type. It has been used postoperatively and 
for its palliative effect in inoperable cases. 

J. A. L. McCuttouca, M.D. 


THE PANCREAS 


Annular Pancreas as a Clinical Problem. Edwin P. 
Lehman. Ann. Surg. 115: 574-585, April 1942. 

Annular pancreas is an anatomic anomaly of great 
rarity. The author could find records of only 48 cases 
in the literature, and of these only 10 were operated 
upon. The present report deals with a single treated 
case with a correct tentative preoperative diagnosis. 
In no previous instance has the diagnosis been sug- 
gested before operation. 

The patient was a twenty-three-year-old man whose 
sole complaint was recurrent attacks of epigastric pain 
of great severity. He was seen originally in the Out- 
patient Department and was first examined roent- 
genologically on Nov. 21, 1939. This examination 
revealed a dilatation of the first portion of the duo- 
denum, but in the second portion an oval defect 2 cm. 
in diameter caused the barium to pass in a narrow 
stream. The duodenum in this area was not fixed aud 
the defect was within the lumen. Distal to this, and up 
to the ligament of Treitz, the duodenum was agait 
somewhat dilated; there was a slight delay in the 
passage of the barium at the ligament. The tentative 
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diagnosis, on the basis of these observations, was a 

yp in the second portion of the duodenum, most 
probably benign, with a low-grade obstruction at the 
ligament of Treitz. 

About nine weeks later, the patient had an especially 
severe attack of pain, with vomiting, and was ad- 
mitted to the hospital. The abdominal examination 
was negative except for slight epigastric tenderness. 
A review of the roentgenograms led to the opinion that 
the duodenal lesion was probably a constricting ulcer 
rather thana polyp. On account of the smooth contour 
of the defect, however, the surgeon suggested the 
diagnosis of annular pancreas and this was confirmed 
at operation, which revealed a band of pancreatic tissue 
stretching across the second portion of the duodenum. 
On the superior surface this band was about 3 cm. in 
diameter, narrowing to about 1.5 cm. at the under 
surface, where it disappeared beneath the duodenum. 
Superficially it appeared thin but after dissection it 
proved to be about a centimeter in thickness. A plane 
of cleavage between this structure and the duodenum 
was found and it was then divided. Immediately the 
duodenum unfolded to an extent of about 4 cm., with 
apparently complete relief of the obstruction. About 
1 cm. of the anterior portion of the ring was further 
dissected off the duodenum and removed for biopsy, 
which revealed a subacute inflammation. The patient 
continued to complain of symptoms but his low mental 
level and morphine addiction make evaluation of these 
difficult. Postoperative roentgen studies revealed 
some deformity of the duodenum, believed to be due to 
adhesions, with slowing of the barium stream but with 
no six-hour retention. 

The author describes this unusual anomaly as a 


prolongation of an annular process from the head of 
the pancreas, surrounding the duodenum and pro- 
ducing mechanical interference with the function of 


the bowel. The ring of pancreatic tissue possesses a 
duct system corresponding to the rest of the pancreas 
and cannot be distinguished histologically from the 
normal organ. The anomaly is generally believed to be 
the result of a failure of complete migration of the 
ventral anlage of the gland, the tip of which remains in 
an anterior position whiie the duct outlet into the 
bowel rotates to the right and posteriorly in the normal 
manner to become the distal portion of the duct of 
Wirsung. There is thus left behind a strip of pan- 
creatic tissue encircling the duodenum. 

The symptoms are chiefly those of duodenal ob- 
struction and preoperative diagnosis is difficult. The 
author believes, however, that the syndrome of chronic 
duodenal ileus, supplemented by corroborative roent- 
genographic evidence, which also reveals a smooth 
niche constricting the second portion of the duodenum 
from its dextral aspect, should in some cases suggest 
the true nature of the obstruction. Treatment is 
surgical and results in the reported cases are favorable. 

J. A. L. McCuttoucn, M.D. 


THE BILIARY TRACT 


External Biliary Fistulas. A Study of 23 Cases. M. 

F. Hicken, L. B. White, and Q. B. Coray. Surg., 
Gynec. & Obst. 74: 828-835, April 1942. 
_ This is a study of 23 external biliary fistulas, follow- 
ing routine operations for gallstones, from the stand- 
Point of etiology, prevention, clinical features, and 
treatment. 
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The majority of the fistulas were the result of in- 
complete primary operations, the provocative ob- 
structions not being removed, either because the 
operator failed to recognize them or was incapable of 
accomplishing the procedure. More fistulas resulted 
from cholecystostomies than cholecystectomies. Sur- 
gical accidents such as ligation, severance, or crushing 
of the common duct accounted for a small number of 
cases. In intense cholemia external fistulas may be 
deliberately produced as a palliative measure, although 
a short-circuiting operation, such as cholecystenteros- 
tomy, is to be preferred. 

In prevention of postoperative biliary fistulas ac- 
curate preoperative clinical diagnosis is of great im- 
portance. It is not enough to know that stones are 
present; every attempt should be made to determine 
the presence of complications such as cholangitis, acute 
cholecystitis, cholemia, or hepatic insufficiency. Ade- 
quate preoperative preparation and proper timing of 
the operation are also of importance. Operation 
should not be done on the poorly prepared jaundiced 
patient, nor during the acute phase of cholecystitis. 
It is obligatory, also, to ascertain the state of the bile 
duct before extirpation is undertaken. Choledochot- 
omy is indicated in the presence of stones, dilation or 
induration of the duct, antecedent jaundice, in- 
flammatory pancreatitis, or if no other cause for dys- 
function is found. Cholangiographic studies during 
operation are highly recommended to ascertain the 
patency and condition of the bile duct. Postoperative 
cholangiography should be carried out before removal 
of drainage tubes in all cases. Stones will cause round 
regular “‘negative shadows,” inspissated material a 
“‘pleomorpnic defect.”” Carcinoma of the head of the 
pancreas will produce obstruction of the ampulla of 
Vater with dilation above it; “biliary dyssynergia”’ 
produces temporary obstruction; a thin thread-like 
pattern at the ampulla is said to indicate pancreatitis. 
If stones are found an attempt should be made to 
dislodge them before removal of the drainage tubes. 
If failure occurs, corrective operation is to be considered 

It has been the authors’ experience that if the cho- 
langiograms indicate a patent bile duct the external 
drainage subsides within three days after removal of 
the drainage tube, again emphasizing the value of 
cholangiography. Other clinical features are con- 
sidered. 

There are rather detailed recommendations for 
treatment of the biliary fistulas, with emphasis on 
preparation of the patient before any operative pro- 
cedure is carried out. In 23 cases, 28 separate opera- 
tions were done with an overall mortality of 26 per 
cent. 

[Those interested in the cholangiographic technic 
should consult the original article, as well as other 
publications by the senior author, as, for example, 
Ann. Surg. 103: 210, 1936. I. J. M.] 

IvaN J. MILLER 


THE SKELETAL SYSTEM 


Suppurative Joint Disease and Its Relation to Pyo- 
genic Osteomyelitis: Review of End-Results in 67 
Involved Joints in 57 Patients; Modern Chemothera- 
peusis. J. Blaisdell and P.H. Harmon. Surg., Gynec. 
& Obst. 74: 796-808, April 1942. 

Under the heading ‘‘diagnostic considerations” the 
authors list the various lesions from which pyogenic 
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arthritis must be differentiated. The presence of pus 
within the joint can be confirmed only by aspiration. 
Aspiration is needed also for early bacteriological 
diagnosis, which in turn is needed for specific chemo- 
therapy. Further, suppurative products should not be 
allowed to accumulate in the joint. 

Roentgenograms show no osseous change before the 
seventh to fourteenth day of the disease. Usually the 
first change visible is narrowing of the joint space— 
often discernible only by comparison with the contra- 
lateral joint and not pathognomonic in the presence of 
past bone disease. Interval films will subsequently 
show rapid progress and demineralization of the ad- 
joining bones. If the purulent material is not removed 
by aspiration or arthrotomy, solution of the cartilage 
occurs and subsequent erosion of the bony cortex be- 
comes visibel. 

Treatment of the acute case of pyogenic arthritis 
consists of keeping the purulent material in the joint 
at a minimum by aspiration and arthrotomy and 
appropriate chemotherapeusis. Traction during the 
period of recumbency is of great value in preserving 
the articular cartilage and joint motion. In the more 
rare chronic cases primary operations can be done on 
suppurating joints under the protection of sulfon- 
amide drugs used locally and by mouth. 

The roertgen differentiation between tuberculous 
and pyogenic arthritis is emphasized. In the latter it 
is the weight-bearing portion of the cartilage that is 
destroyed; in the former the non-weight-bearing 
portions are affected. A table showing the concen- 


tration of sulfathiazole in the blood and in the knee 
joint in six cases is given, the period after institution 


of therapy varying from one to eleven days. 

Of 488 cases of pyogenic osteomyelitis, 11.7 per cent 
showed joint involvement. Representative roentgeno- 
grams are reproduced and two cases are presented. 

IvaAN J. MiLcer, M.D. 


Vascular Tumors of Bone. Pathological and Clinical 
Study of 27 Cases. A. Thomas. Surgery, Gynec. & 
Obst. 74: 777-795, April 1942. 

The author attempts to analyze and classify all the 
vascular tumors of bone recorded with the Bone Sar- 
coma Registry of the American College of Surgeons. 
Current opinions on the pathology of these controver- 
sial tumors are analyzed and a case is reported. 

The embryology and histogenesis of the tumors are 
presented in some detail. It is concluded that vascular 
bone tumors are “‘mesenchymal in origin, probably 
growing from congenital rests by a process of endo- 
thelial proliferation and differentiation into blood 
vessels. They are usually benign and may undergo 
spontaneous regression and healing. True malignant 
angiomas exist, however, characterized by rapid 
growth, invasion of surrounding tissues, and metas- 
tases.” It is further emphasized that one essential 
feature must be recognized in the diagnosis of tumors 
of vascular origin. ‘‘An angioblastic tendency, as 
evidenced by a vasoformative process of endothelial 
proiiferation and the formation of new blood vessels, 
must be present.” 

The study suggests the following simple classification 
of vascular tumors: ‘‘(1) benign angioma, a slow grow- 
ing, highly differentiated tumor, congenital in origin, 
with definite well formed blood vessels and an innate 
tendency to regress and heal, and (2) malignant 
angioma, a more cellular and compact growth with 


ABSTRACTS OF CURRENT LITERATURE 


November 1942 


active endothelial progression and invasiveness, show. 
ing a tendency to revert to its primitive mesenchymal 
structure.” It is suggested that malignant angiomas 
may be separated into angioendotheliomas and angio. 
sarcomas, the former showing a more marked tendency 
to reversion to a primitive cell type resembling epithe. 
lium, the latter more tendency to new vessel formation 
The differentiation is difficult and clinical features as 
well as histogenesis and morphology must be considered 
in the final analysis. 

There are 12 cases of benign angiomas in the series 
studied. The flat bones of the skull, pelvis, and shoulder 
were involved most frequently. Recent literature 
indicates that there is a high rate of incidence in the 
vertebrae. Symptoms vary with the site of the lesion. 
The roentgen appearance is of three general types: 
(1) in vertebrae, prominent vertical striations, the 
result of absorption of bony trabeculae with thickening 
of the remaining vertical striations; (2) in the flat 
bones, a “‘sunburst”’ appearance, the result of radiating 
trabeculae from a common center at right angles to 
the plane of the bone; (3) in the long bones, expanded, 
multilocular cyst-like lesions resembling benign giant- 
cell tumor but differing in that the loculations are 
smaller and contain a fine fibrillary framework. The 
roentgenogram is not always characteristic or diag- 
nostic, however. 

For benign angiomas both surgery and irradiation 
are recommended, each having its proper place. It is 
pointed out that the use of irradiation alone in the 
presence of compression myelitis is hazardous. 

Fifteen malignant angiomas are tabulated and 
classified as endotheliomas and angiosarcomas. There 
is nothing characteristic in the clinical symptoms or 
roentgen appearance of these tumors. The diagnosis 
is essentially histologic. Multiple lesions are at times 
difficult to differentiate from metastatic tumors of bone. 
Surgery is the recommended form of therapy, with 
radiation as an adjunct. 

A case of angiosarcoma is presented. 

IvAN J. Mitcer, M.D. 


(Hindquarter) Amputa- 
Surg. 115: 628-646, 


Interinnomino-Abdominal 
tion. John J. Morton. Ann. 
April 1942. 

The author refers to the 11 cases of interinnomino- 
abdominal amputation recorded by Gordon-Taylor 
(Brit. J. Surg. 27: 643, 1940), the only surgeon with 
“any experience of consequence in the undertaking of 
this formidable type of surgery” and cites 12 other 
examples appearing in the literature. His own ex- 
perience includes 4 cases, which are recorded here 

The first patient was a woman of 51 with pain in 
the right hip radiating up and down the leg. A mass 
could be palpated between the iliac crest and the great 
trochanter, apparently connected with a tumor in the 
right lower quadrant. Roentgenograms gave evidence 
of an extensive destructive lesion about the acetabular 
region, incomplete outline of the femoral head, and a 
large soft tissue mass laterally, above the femur, and 
medially encroaching upon the pelvic cavity. A 
thorough course of roentgen therapy, totalling 12,000 
r, was without appreciable effect on the tumor and a 
right interinnomino-abdominal amputation was suc- 
cessfully carried out. The tumor was diagnosed as afl 
“osteogenic sarcoma, chondro-type.” The patient 
died thirteen months later. Autopsy showed recurrence 
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in the right pelvic region with invasion of the sacrum 
and muscles and widespread metastases. 

The second patient was a man of 54 with a firm, hard 
mass involving the upper end of the left thigh and 
apparently invading the pelvis. Roentgenograms re- 
vealed a soft tissue mass over the trochanteric region 
completely surrounding the bone. The cortical line of 
the bone had been destroyed from the hip articulation 
down to the midshaft. Irregular cotton-wool density 
was present externally to the shaft. Bone destruction 
and irregular bone production suggested the presence 
of an “osteogenic sarcoma, chondro-type.” Roent- 
genograms of the chest showed no evidence of metas- 
Amputation was performed and the roentgen 
diagnosis was confirmed. Some months later a recur- 
rence in the stump was excised. Pathologically it 
proved to be a chondrosarcoma with myxomatous 
change. Subsequently an osteogenic sarcoma was 
removed from the tenth rib. Death occurred about 


tasis. 


twenty months after amputation with evidence of 


widespread metastases. 

In the third patient, a woman of 42, roentgenograms 
showed a large destructive lesion of the right ilium and 
ischium, believed to be a primary giant-cell tumor. 
She also had a greatly enlarged thyroid gland, pre- 
sumably a benign adenoma. Roentgen therapy was 
instituted, a cycle of 4800 r being given to the hip, but 
shortly after this the patient fell and further roentgen 
study showed a pathological fracture. Amputation 
was carried out on June 11, 1940, and a year and a half 
later there was no evidence of recurrence or metastasis. 

In the fourth patient, a man of 55, amputation was 
done for a chronic osteomyelitis, dating back to boy- 
hood. The draining focus was eliminated, but con- 
valescence was complicated by mental factors asso- 
ciated with morphine addiction. 


GYNECOLOGY AND OBSTETRICS 


Roentgenographic Visualization of the Placenta, 
Utilizing the Plastic Filter. Chas. E. Vaughan, R. T. 
Weaver, and D. L. Adamson. Canad. M. A. J. 46: 
314-321, April 1942. 

A method of roentgen visualization of the placenta is 
described, utilizing a plastic filter fashioned on a 0.5- 
mm. sheet of aluminum, the opaque plastic extending 
from the outer margin, where it is 2 mm. in thickness, 
back to the posterior part of the filter, where it is shaded 
off into the aluminum. The portion of the filter which 
is to cover the region of the iliac crests and sacro- 
sciatic notch is left free of any plastic material, per- 
mitting visualization of soft tissue shadows in this area 
and improving the view of the sciatic notch. The plas- 
tic filter is set in the tube carriage so that the thickest 
layer of opaque plastic will be over the abdomen 
Right and left lateral roentgenograms are made, 
facilitating placental localization and permitting 
visualization of the entire uterine cavity. Exposure 
factors are 36-inch target film distance; 78 to 85 kv.p.; 
100 ma.; 2 1/2 to 4 seconds. The patient is requested 
to suspend respiration during exposure. The tube is 
centered over the sciatic notch and with the plastic 
filter in place exposure is made for this region of the 
pelvis. A single anteroposterior film completes the 
examination. 

_ This is a preliminary report of 52 consecutive cases, 
m every one of which the placenta was visualized. It 
was located on the anterior uterine wall in 26 cases, and 
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on the posterior wall in 17 cases. There were 3 cases of 
marginal placenta praevia, all on the lower anterior 
uterine wall, 1 central placenta praevia, and 5 cases of 
breech presentation. The series included 5 sets of 
twins, 3 uniovular and 2 biovular, in which the pla- 
centae were all visualized. 

The value of accurate placental localization in 
vaginal bleeding in late pregnancy is stressed. It 
obviates the necessity of vaginal examination, with 
its attendant dangers, and may spare the patient the 
risks of cesarean section. Because of the high mortality 
rate, for both mother and child, associated with 
vaginal delivery in central placenta praevia, there has 
been a marked increase in the number of cesarean 
sections performed for hemorrhage in the later months 
of gestation. In many instances, however, in which 
this measure has been undertaken, the placenta has 
proved to be in a normal location or not sufficiently 
across the internal os of the cervix to cause much diffi- 
culty. Dippel and Brown (New England J. Med. 223: 
316, 1940), using soft tissue technic for visualization of 
the placenta, found that of 92 instances of bleeding in 
the last trimester, only 11 were due to placenta praevia. 

M. L. Connetty, M.D. 


ABDOMINAL TRAUMA 


Diagnosis in Abdominal Trauma. Ambrose H. 
Storck. Am. J. Surg. 56: 21-42, April 1942. 

The diagnosis of abdominal trauma embraces more 
than the mere determination of whether or not peri- 
toneal perforation has occurred and even more than an 
estimation of the extent of visceral injury. It includes 
a complete evaluation of the patient’s status in respect 
to shock, hemorrhage, and associated injuries 

As to the part of roentgenography in examination, 
the author says: ‘‘When missiles are retained within 
the abdomen or when there is a possibility that more 
than one projectile has entered either the abdomen or 
abdominal wall, fluoroscopic or roentgenographic 
examinations are of obvious value, especially in mili- 
tary practice, since many of the wounds in modern war- 
fare are caused by low velocity projectiles which are 
retained. ... In addition to furnishing information of 
value in planning the operative incision in relation to a 
retained missile, the x-ray may reveal gas beneath the 
diaphragm, the existence of a diaphragmatic hernia, 
or reduced diaphragmatic excursion. . . . 

“‘Roentgenography of the thorax often discloses 
chest lesions which must be taken into account in the 
management of the abdominal injury. Fluoroscopy 
ordinarily supplies sufficient information in less time 
than is required for roentgenography, but when more 
than fluoroscopic examination is necessary, antero- 
posterior and lateral roentgenograms usually permit 
satisfactory localization of foreign bodies. Stereo- 
scopic radiograms, however, are sometimes more in- 
formative than are single projections.” 

Pyeloureterography following the intravenous in- 
jection of x-ray opaque solution, as well as cystography 
following the injection of x-ray opaque solution into 
the bladder, are helpful means of detecting not only 
the existence but the extent of injuries involving the 
kidneys, ureters, and bladder. 

Late complications of abdominal injuries also call 
for recognition and here, too, roentgen studies may be 
of decisive importance 
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RADIOTHERAPY 


MALIGNANT TUMORS 


Sebaceous Gland Carcinoma. A. Beach and A. O. 
Severance. Ann. Surg. 115: 258-266, February 1942. 

The authors have reviewed 41 cases of sebaceous 
gland carcinoma, including a case of their own in which 
the site of the tumor was the right fifth toe. 

There are two divergent opinions regarding seba- 
ceous glandtumors. According to one, these tumors re- 
semble and behave like non-metastasizing basal-cell 
epitheliomata. Another group holds that they are 
of sebaceous gland origin and may metastasize. 

The present review disclosed that most of the 
patients were males over fifty years of age, with in- 
volvement of the eyelid, principally the upper lid. 
Other locations include the ala of the nose, scalp, fore- 
head, ear, chin, mammary region, scapular region, 
eyebrow, and scrotum. For the most part the tumors 
are of slow growth. The treatment in the majority of 
the recorded cases was excision. In the authors’ case 
disarticulation was done at the metatarsophalangeal 
joint. Recurrence of the primary tumor after treat- 
ment was noted 34 times in 18 cases. There is mention 
of metastases having occurred five times in 40 cases. 
In the authors’ case metastatic deposits were found in 
the inguinal lymph nodes and a block dissection of the 
right groin was performed, followed by roentgen 
irradiation. There had been no recurrence thirteen 
months later. 

The authors conclude that the treatment should 
consist of adequate surgical excision of the primary 
tumor, regional node dissection, and roentgen therapy 
when indicated. J. A. L. McCuttoucn, M.D. 


Primary Reticulum Cell Sarcoma of Bone: Report of 
Two Cases with Bone Regeneration Following Roent- 
genotherapy. Chan Szutu and Chih-kuang Hsieh. 
Ann. Surg. 115: 280-291, February 1942. 

Two cases of primary reticulum-cell sarcoma of bone 
are presented. The outstanding clinical features of the 
disease are: (1) an extensive local lesion which appears 
out of harmony with the usual good general condition 
of the patient; (2) a comparatively benign course in 
spite of the highly malignant appearance of the tumor; 
(3) a high degree of radiosensitivity, which renders the 
lesion amenable to appropriate treatment. 

Radiation was the only form of therapy employed in 
the two cases herewith reported. The first patient is 
living and well seven years and seven months, and the 
second patient one year and eight months, following 
the institution of treatment. 

In the first case, roentgen therapy effected complete 
regeneration of an extensively destroyed scapula and 
resulted in the preservation of a useful limb. In the sec- 
ond case, the involved mandible reossified with good 
functional result. J. A. L. McCuttoucsa, M.D. 


Neoplasms of the Bony Thoracic Wall. G. N. J. 
Sommer, Jr., and R. C. Major. Ann. Surg. 115: 51-83, 
January 1942. 

Data are presented regarding 66 cases of neoplasms 
of the bony thoracic wall collected from the literature 
since 1933 and 15 cases from the University of Michi- 
gan Hospital. The collected cases include 2 of Ewing’s 
sarcoma reported by Geschickter and Copeland (Tu- 


mors of Bone, published by the Am. J. Cancer), in 193) 
and not included in Hedblom’s 1933 report (Ann. Surg. 
98: 528, 1933). 

The treatment of the great majority of tumors of the 
bony thoracic wall has been by operation, at which an 
effort was usually made to remove the neoplasm com. 
pletely. Radiation therapy was employed in conjunc. 
tion with surgery in a number of instances. Fourteen 
patients (7 of them with Ewing’s sarcoma) were 
treated by radiation alone and 2 patients received no 
treatment whatever. 

Twenty-seven benign tumors (osteomata, chon- 
dromata, benign giant-cell tumor, fibroma, schwan- 
noma, and neurofibroma), reported since 1933, were 
treated surgically, with one death due to operation 
(3.7 per cent). Thirty-six malignant tumors (osteo- 
genic sarcomata, Ewing’s sarcoma, fibrosarcoma, un- 
classified round cell sarcomata, Hodgkin’s disease, and 
lymphosarcoma) were treated surgically, with 3 deaths 
due to operation (8.5 per cent). 

The greatest therapeutic success has been obtained 
in benign giant-cell tumor, with 5 cures of more than 
ten years’ duration, and one of more than five; 4 of 
the cures of long duration are in patients reported 
prior to 1933. Among the patients with chondromata, 
there are 3 five-year cures, and 3 patients are living and 
well more than two years after operation. One patient, 
who was operated upon for an osteoma, is living and 
well, two years later; and patients with a fibroma and 
neurofibroma are well thirty-four and twenty-eight 
months, respectively, after operation. The striking 
fact about the 33 patients with benign tumors is that 
only 3 are reported as dead. 

In the malignant tumor group, there is no five-year 
cure, and only two three-year cures, both of osteogenic 
sarcoma. The most discouraging group from the 
standpoint of therapy is Ewing’s sarcoma, with 14 of 
18 patients reported dead, and one living with recur- 
rence. Adequate follow-up information is not available 
relative to the other three patients. Of the 20 patients 
with osteogenic sarcoma, 6 are reported as dead, 5 as 
living with recurrent and metastatic tumors. Four of 
the 6 patients with fibrosarcoma are dead and a fifth is 
living with metastases. 

The authors conclude that complete surgical removal 
of tumors of the ribs and sternum appears to be the 
most effective form of therapy. The mortality of 
surgical treatment of these tumors has been low in 
recent years. Very extensive operations have been 
carried out successfully to remove huge tumors, even 
those directly involving the lung. Roentgen therapy 
has been ineffective, except in two cases of benign 
giant-cell tumor, and, palliatively, in one case of 
metastatic Ewing’s sarcoma. 

J. A. L. McCuttoven, M.D. 


Complications of Radiotherapy in Cancer of the Cer- 
vix. Max Cutler. Surg., Gynec. & Obst. 74: 867-870, 
April 1942. 

The author prefaces his discussion of the com- 
plications of radiotherapy for cancer of the uterine 
cervix by a warning against the danger of perforation 
in an effort to introduce radium into the cervical cana 
when it is occluded by the growth. In such cases ml 
tiation of the treatment by external and vaginal radi- 
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ation is an important factor in the avoidance of the 
most serious of all complications, infection. 

Most of the complications associated with radio- 
therapy are avoidable by careful attention to technic. 
Edema of the skin and irritation of the rectal mucosa 
are two important signs indicating that the limits of 
tolerance have been reached. These signs, particularly 
the latter, should be carefully looked for and used as 
guides to the intensity of treatment. Careful attention 
in this respect obviates most of the avoidable compli- 
cations. 

Late complications, such as pyometra and sclerosis 
of the pelvic tissues and intestinal obstruction, are 
likely to lead to a diagnosis of recurrence. The possi- 
bility of their development should be borne in mind 
in rendering a prognosis and planning treatment. 

Infection is by far the most serious of the complica- 
tions and is largely unavoidable. It is due to the 
activation of latent hemolytic streptococci in the 
vaginal canal. A bacteriological examination should 
be made in every case before treatment and special 
precautions taken in the presence of infection. Since 
the introduction of sulfanilamide and its derivatives, 
several reports have appeared in the literature indicat- 
ing their value in the treatment of these infections 


Clinical Studies with the Aid of Radioactive Phos- 
phorus. I. The Absorption and Distribution of 
Radio-Phosphorus in the Blood and Its Excretion by 
Normal Individuals and Patients with Leukemia. L. 
A. Erf and J. H. Lawrence. J. Clin. Investigation 20: 
567-575, September 1941. 

Il. The Retention of Radiophosphorus by Tissues of 
Patients Dead of Leukemia. L.A.Erf. Am. J. M.Sc. 
203: 529-535, April 1942. 

Il. The Absorption and Distribution of Radio- 
Phosphorus in the Blood of, Its Excretion by, and Its 
Therapeutic Effect on, Patients with Polycythemia. 
L. A. Erfand J. H. Lawrence. Ann. Int. Med. 15: 276- 
290, August 1941. 

IV. The Retention in Blood, the Excretion and the 
Therapeutic Effect of Radio-Phosphorus on Patients 
with Leukemia. L. A. Erf, L. W. Tuttle, and J. H. 
Lawrence. Ann. Int. Med. 15: 487-543, September 
1941. 

In the first of these four clinical studies of radio- 
phosphorus (P**) and its effects, it was found that more 
of the radioactive element is retained by leukemic 
patients following intravenous injection than when 
administration is by the oral route; that it is retained 
in higher concentration by the marrow than by the 
blood, per unit volume; that in myeloid leukemic cells 
relatively greater concentrations occur in the nuclei 
than in the cytoplasm, though no such difference is 
observed in lymphoid cells. 

The second of the series, and the last to be published, 
records the concentrations of radiophosphorus in the 
various tissues of 32 patients dead of leukemia, 1 of 
neuroblastoma, and 1 of chloroma (the blood findings 
of the latter 2 presented myeloid and monocytoid 
leukemoid reactions, respectively). Some of the pa- 
tients had received single doses of radiophosphorus 
before death, but the majority had received multiple 
doses. Most of these patients were in the terminal 
Stages of the disease and received ‘“‘therapeutic’’ rather 
than “‘tracer” doses. Because of the numerous vari- 
able factors as age, weight, basal metabolic rate, diet, 
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differences in types of leukemic processes, and differ- 
ences in amounts and routes of administration, few 
comparisons of findings are possible. 

In those patients who received radiophosphorus many 
days before death, the concentration was frequently 
greatest in the osseous tissues, while in those who re- 
ceived the element just before death the concentrations 
were greatest in the bone marrow, lymph nodes, 
spleen, and liver. These findings suggest that the 
radiophosphorus is first utilized by the more rapidly 
metabolizing tissues, or those most frequently infiltrated 
with leukemic cells, and that later it finds its way to 
the bones. 

Of the tissues that are constantly producing cells, 
the marrow was the only one in which radiophosphorus 
was found in significantly large quantities. Of the 
muscles examined, the heart muscle retained the 
largest quantities. 

When the amounts of the last dose and the number 
of days between this dose and death were similar, the 
tissues retained comparable amounts of radiophos- 
phorus regardless of the type of leukemia or leukemoid 
reaction. 

The third paper is an account of a study of 6 patients 
with polycythemia, who presented evidence of marked 
clinical and hematologic improvement following 
therapeutic doses of radiophosphorus. As in leukemia 
greater concentrations were found in the blood following 
intravenous administration than when the oral route 
was used. 

The fourth and most comprehensive paper of the 
series contains numerous tables setting forth in detail 
the results of the authors’ studies in leukemia. When 
therapeutic doses were given, the circulating leukemic 
cells retained the radiophosphorus in greater concen- 
tration than the normal white cells. Normal persons 
excreted radiophosphorus more rapidly than those 
with leukemia during the first forty-eight hours after 
administration but thereafter excretion proceeded at a 
similar rate in both groups, presumably until all that 
had been absorbed was excreted. Clinical and hemato- 
logic results are presented, and the authors conclude 
that radiophosphorus therapy is as effective in the 
treatment of leukemia as other methods in general use. 
It is attended by no unfavorable reaction and in the 
doses used produced no morphologic damage to normal 
tissues. Two patients, alive at the time of the report, 
had experienced essentially complete remissions of 
nearly two years’ duration. 

BENJAMIN COPLEMAN, M.D. 


Réle of the Vertebral Veins in Metastatic Processes. 
O. V. Batson. Ann. Int. Med. 16: 38-45, January 1942. 

Miliary tuberculosis, erysipelas, and tuberculous 
adenitis have, in general, lesion-patterns character- 
istic of diseases spread by blood and lymph vessels. 
These three diseases represent three types of spread. 
In miliary tuberculosis, the arterial blood stream dis- 
tributes multipie foci at random. In erysipelas, organ- 
isms invade a plexus of lymph vessels and multiply, 
with the result that the primary lesion enlarges, colony- 
like, from the margins. In tuberculous adenitis, the 
organisms spread in lymph vessels, to multiply in the 
regional lymph nodes and lymph node chains. 

Several diseases with primary and secondary lesions, 
particularly tumors, do not spread in the simple pat- 
terns noted above. ‘‘Aberrant”’ metastases occur in as 
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high as 40 per cent of cases. The author therefore 
made a study of the réle of vertebral veins in metastatic 
processes, carrying out his investigation on cadavers, 
by injecting an opaque substance into the venous sys- 
tem connecting with the vertebral veins. 

The vertebral vein system consists of the epidural 
veins, the perivertebral veins, the veins of the thoraco- 
abdominal wall, the veins of the head and neck, and the 
veins of the walls of blood vessels of the extremities. 
It is a set of valveless vessels carrying blood under low 
pressures. In the subcutaneous tissue the smaller 
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vessels provide a continuous network permitting 
permeation. Around the vertebral column the 
cular bed of the system is much larger than required 
the parts in which it is found. It is a system whid 
constantly subject to arrests and reversals ig 
direction of the flow of blood. The vertebral 
system parallels, connects with, and provides 
passes for the portal, the pulmonary, and the ¢ 
system of veins and hence can provide in itself a p 
way for the spread of disease between remote organs, 
J. A. L. McCuttoven, M.D) 


EXPERIMENTAL STUDIES 


Therapeutic Studies on Chronic Bacterial Radio- 
cystitis in Dogs. C. V. Fisher, W. C. Hueper, M. R. 
Thompson, and J. de Carvajal-Forero. Urol. & Cutan. 
Rev. 46: 209-213, April 1942. 

With the increased use of radiation therapy for uro- 
genital lesions there has been an increase in radio- 
cystitis. Experiments to throw light on this problem 
were carried out by the authors on dogs. 

Three normal dogs were catheterized daily over a 
period of twenty-one days in order to determine 
whether catheterization alone was a source of infection. 
No radiation was given. Bacteriuria did not develop. 

A second group of three dogs, having been catheter- 
ized for five days to obtain control urinary samples, 
received radiation daily for three days. Bacteria ap- 
peared in the urine following irradiation but did not 
persist for any length of time. Since the conditions of 
this experiment did not permit determination of the 
degree of bladder distention and the amount of radia- 
tion received was thus unknown, a third experiment was 
done in which two dogs were given 250 c.c. of a half 
milk and half water mixture plus 0.5 gm. caffeine to 
stimulate urinary excretion; the penis was clamped, 
and one-half hour later the distended bladder was ir- 
radiated. One dog died twenty-six days later with 
lobar pneumonia after excreting variable numbers of 
bacteria. The other dog excreted large numbers of bac- 
teria over the eleven-month experimental period, the 
predominant organisms being Streptococcus fecalis and 
Staphylococcus albus. The authors believe, in view of 
the nature of the organisms and the necrotic changes 
found postmortem, that the bacteria entered the urine 
from the rectum, having penetrated the injured tissues 
of the rectovesical septum. 

In a further experiment, designed to confirm this 
opinion, barium sulfate was introduced into the blad- 
der in two dogs, which were then irradiated in the supine 
position. Under these conditions the barium settles to 
the posterior portion of the bladder and the recto- 
vesical septum is protected from the action of the rays. 
Since urine specimens obtained by catheter from these 
animals contained only a few bacteria, it seems clear 
that the bacteria were, as the authors supposed, of fecal 
origin, reaching the bladder by penetration of the 
injured septum. It appears that this vesical infection 
is maintained or reactivated from the same source or 
from bacterial foci involving the kidney and renal pelvis 
as the result of an ascending infection. 

Vesical lavage with various urinary antiseptics failed 
to control the infection in experimental animals and 
intensive oral medication with methanamine and 
sulfanilamide produced only a temporary effect. 

The authors conclude that the injury to the recto- 


vesical septum can be mitigated and a continued pep 
tration of the fecal flora through it prevented if 
septum is protected from the radiation by a prelimi 
injection of a suspension of barium sulphate into 
bladder. It is suggested that this or a similar 
cedure may possibly be used in radiotherapy in man 
obviating damage to the recto-vesical septum, 
seems to be the main cause for the protracted coy 
of radiation cystitis. Maurice D. Sacus, M.D." 


Pathogenesis of Arthritis Following the Intrave 
Injection of Staphylococci in the Adult Rabbit. R. 
Rigdon. Am. J. Surg. 55: 553-561, March 1942. 

When broth cultures of Staphylococcus aureus 
inoculated intravenously into adult rabbits, the o 
isms were found in the joints within twenty-four 
forty-eight hours later, and an acute inflammatory 
action ensued with formation of a purulent exudate 
Roentgenologically the first evidence of joint inve 
ment was periarticular swelling. Later, roughening @ 
the articular surfaces was observed and in some 
stances this progressed until there were small foe 
areas of bone destruction extending down into f 
epiphysis. Accompanying this change there was 
condensation of the ends of the bones. Some of the 
joints after two to three months showed an atrophy @& 
the periarticular tissues, a decrease in the space bet 
the articular surfaces of the bones, and a proliferati 
reaction. A few of the animals with extensive invo 
ment of a joint for six months or longer showed so 
evidence of a beginning ankylosis. 

The arthritis which develops following the int 
venous inoculation of staphylococci is similar to t 
lesion that occurs after the intra-articular injection 
the same organism. 


The Nonadditive Effect of Ultraviolet Light and Ot 
Carcinogenic Procedures. H. P. Rusch, B. E. Kling, 
and C. A. Baumann. Cancer Research 2: 183-188) 
March 1942. r 

The carcinogenic process initiated on the skin 
the mouse by a few paintings with one carcinogen 
hydrocarbon, methylcholanthrene or dimethylbeni 
thracene, could be completed by the other. Ine 
trast ultraviolet light, after several applications of t 
chemical agents, did not increase the number of tume 
nor did the hydrocarbons cause greater tumor proe 
tion by irradiation. The sex hormones, vital 4 
and such agents as catechol or histamine did not 
the carcinogenicity of ultraviolet rays. Exposure 
the ears of rabbits to ultraviolet or roentgen radiat 
failed to enhance the activity of the Shope papille 
virus injected intravenously. 
Mitton J. Ersen, M.Dy 
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